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ABSTRACT 
The origin and properties of hemoglobins of exclusively parasitic trematodes, 
which are also one of the most primitive metazoan organisms to possess respiratory 
proteins, were shrouded in mystery. Some trematodes live in microenvironments, 
such as digestive tracts, where the partial pressure of oxygen varies from 0-70 
mmHg. Organisms living in such a habitat cannot be expected to rely at least 
completely on aerobic metabolism and thus need not possess respiratory proteins. 
Moreover trematodes feed at least in part upon the blood and tissues of their 
vertebrate hosts, the hemoglobin in trematodes was therefore suspected to be of host 
origin. 
In this study four species were chosen. They are Gastrothylax crumenifer and 
Paramphistomiim epiclitiim from the rumen and Explauatiim explanatiim (= 
Gigantocotyle explanahtm) from the bile ducts of a common Indian water buffalo 
Bubalus btibalis and Jsoparorchis hypselobagri from the swimbladder of a catfish, 
Wallago attu. Their hemoglobins were purified and their properties were analysed 
and compared. 
Purification of hemoglobins was carried out by ammonium sulfate fractionation 
and gel filtration chromatography. As a result, two hemoglobins of MW ca. 30 kd 
and 18 kd were found in G. crumenifer and 35 kd and 17 kd in /. hypselobagri. The 
35 kd hemoglobin of/, hypselobagri could be obtained only if the ammonium sulfate 
precipitated proteins were stored in cold for several weeks which indicated a time 
bound association among the polypeptide chain of this protein. P. epidiium and E. 
explanatum possessed one hemoglobin each of 17 kd. The reducing sodium dodecyl 
sulfate polyacrylamide gradient gel electrophoresis (SDS-PAGGE) of G. crumenifer 
30 kd hemoglobin showed two bands of ca. 16 kd and 14 kd and that of /. 
hypselobagri 35 kd hemoglobin showed a single band ca. 17 kd. The former 
hemoglobin was therefore a dimer of two chains of different molecular weights and 
the latter was a dimer of two chains having similar molecular weights. P. epiclitum, 
E. explanatum, G. crumenifer 17 kd hemoglobin and/, hypselobagri 17 kd hemoglobin 
showed single bands of ca. 17 kd by reducing SDS-PAGGE, indicating their 
monomeric nature and homogenous preparation. G. crumeriifer and /. hypselobagri 
dimeric hemoglobins when converted into met form by K3Fe(CN)g and subjected to 
gel filtration chromatography eluted as single peaks of ca. 17 kd showing met 
hemoglobin dependent monomerization. This type of monomerization occurs due to 
rapid oxidation which brings intrachain disulfide groups close enough and weakens 
interchain disulfide bondings. The trematode hemoglobins showed an absorption 
maxima typical to that of other hemoglobins. The beta peak in trematode hemoglobins 
was higher than that of alpha peak indicating a high oxygen affinity. The ratio of 
absorption intensity of beta band region to alpha band region for trematode 
hemoglobins was ca. 1.12 while the same ratio for vertebrate host hemoglobins was 
ca. 1.06 indicating differences in the heme pockets. The heme content of G. 
crumenifer Hbl and II, P. epiclitum, E. explanatum and their host B. bubalis 
hemoglobins was 2.66, 2.94, 1.47, 1.39 and 2.75 W/W respectively. The heme 
content of/, hypselobagri hemoglobin I and II and its host W. attu hemoglobins were 
1.00, 3.62 and 2.38 respectively. The variation in total heme content could be due 
to incomplete realization of heme by the polypeptide chains or due to the loss of heme 
during the purification. 
Electrophoresis of these hemoglobins in native states showed different 
electrophoretic band patterns indicating different chemical nature of trematode and 
of their host hemoglobins. The trematode hemoglobins also showed higher 
eiectrophoretic mobility than their host hemoglobins. 
Isoelectric focusing (lEF) of trematode hemoglobins in native states in 
polyacrylamide tube gels showed isoelectric points (pis) of 6.6, 7.6, 6.3 and 4.3 for 
E. explanatiim, G. cnimenifer Hbl, G. criimeuifer Hbll and /. hypselobagri 
hemoglobins respectively. The hemoglobin ofP. epiclitum showed two bands of pi 
7 and 7.3, indicating the presence of two isoelectrically different hemoglobins. 
Isoelectric focusing was also carried out in polyacrylamide tube gels in the presence 
of urea, Triton X-100 (a non-ionic detergent) and dithiothreitol. Urea and dithiothreitol 
are well known agents used for breaking the hydrogen and disulfide bonds respectively. 
The peptides so formed and resolved according to their pis showed a polypeptide 
profile distributed both in alkaline and acidic pH range in contrast to lEF in native 
state where trematode hemoglobin bands showed pis in acidic to neutral pH range 
only. Indicating that most of the basic amino acids are buried inside the globular 
structure. 
Peptide mapping of trematode and their host hemoglobins by limited proteolysis 
using papain was also carried out. The peptides produced after proteolytic digestion 
were separated on SDS-PAGGE. The probability of coincidence (Px) among peptide 
bands was analysed statistically. Very low P.x values indicated different primary 
structure of trematode hemoglobins among themselves and from their host 
hemoglobins. 
For the sake of further comparison partial N-terminal sequence analysis of 
trematode and of their host hemoglobins was carried out. G. cnimenifer Hbl, P. 
epiclitum and /. hypselobagri hemoglobins gave clean sequence, however G. 
cnimenifer Hbll and E. explanatiim hemoglobins had blocked N-termini. 
The eight N-terminal amino acid residues of B. huhalis hemoglobin alpha 
chain do not show any sequence similarly with G. crumenifer Hbl and P. epiclitum 
hemoglobin. B. biihalis hemoglobin beta chain has 12.5% amino acid sequence 
similarity with P. epiclitum hemoglobin chain while none with G. crumenifer Hhl in 
eight amino acid overlap. G. crumenifer Hbl also does not show any sequence 
similarity with hemoglobins of P. epiclitum and /. hypselobagri, however 37.5% 
homology is observed with Dicrocoelium dendriticum hemoglobin in 15 amino acid 
overlap. P. epiclitum hemoglobin shows 60% and 13.3% amino acid sequence 
identity with /. hypselobagri and D. dendriticum hemoglobins respectively in 15 
amino acid residue overlap. The hemoglobins of/, hypselobagri and its host W. attu 
showed no significant homology in 15 N-terminal amino acid residue overlap. 
Computer assisted consensus sequence analysis of 5. bubalis and W. attu 
hemoglobins showed homology with other hemoglobins but trematode hemoglobins 
did not show such a homology indicating their origin from a gene other than ancestral 
hemoglobin gene. 
The oxygen affinity of any respiratory pigment is yet another important 
parameter for its characterization. The oxygen affmities of trematode hemoglobins 
were determined polarographically. All the trematode hemoglobins of this study 
showed a rectangular hyperbolic shape with Hill coefficient (n) values of 1, indicating 
no homotropic interaction. The 'n' values at 25% and 75% saturation calculated by 
Hill's equation were also 1 indicating no change in the conformation of trematode 
hemoglobins during oxygenation. The P50 (partial pressure at which 50%o of 
hemoglobin is saturated) values for G. crumenifer Hbl, HbH, P. epiclitum, E. 
explanalvm and /. hypselobagri are 1.7, 1.0, 0.8, 1.6 and 1.6 mmHg respectively. 
Almost similar P^Q values of trematode hemoglobins, despite the indication of 
different primary structures by peptide mapping and partial N-terminal amino acid 
T^655 
sequence analysis, indicated an overall similarity in the three dimensional structure 
of trematode hemoglobins. Moreover the same oxygen affinities of hemoglobins of 
trematodes of oxygen rich habitat (/. hypselohagri from catfish swimbladder) and 
oxygen poor habitats (G. cnimenifer and P. epiclitum from rumen andE. explanalum 
from bile ducts of buffalo) do not indicate any effect of oxygen partial pressure on 
the oxygen affinity of trematode hemoglobins. 
Thus it can be concluded from the above studies that trematode hemoglobins 
are unique respiratory pigments having high oxygen affinities coupled with low 
molecular weights. At least the globin part of trematode hemoglobins appear to be 
endogenously synthesized and is not derived from host hemoglobins. Their possible 
origin from gene other than ancestral hemoglobin gene indicates the possibility of 
additional function(s) of these proteins besides oxygen binding. 
Further the studies on trematode hemoglobins could be useful in understanding 
the host parasite relationships at molecular level as there is no other molecule more 
versatile than hemoglobin, which responds to the changes in environment. These 
studies could also help in evaluating the evolutionary and taxonomic relationships 
among different genera of trematodes. 
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1. INTRODUCTION 
Nature has evolved fundamentally different molecular devices to serve as 
oxygen carriers in support of animal respiration. The striking color and abundant 
supply of these proteins has made them frequent subject of study. 
There are three distinct types of respiratory pigments : 
(i) hemoglobins, with one Fe(II) atom bound by a protoporphyrin plus one histidine 
residue of the globin. This appears to be the most successful invention which occurs 
throughout the animal kingdom, (ii) hemerythrins with two Fe(II) atoms binding one 
O2, are complexes of the polypeptide chain themselves, occurring in a small number 
of invertebrate animals, (iii) hemocyanins, with a pair of Cu(I) atoms as the active 
site bound directly to the polypeptide chain. While hemoglobins are either intra- or 
extracellular in occurrence, hemerythrins are exclusively intracellular and hemocyanins 
exclusively extracellular. 
The variation in the properties of respiratory pigments has offered nature 
several ways of tuning oxygen affinity according to the biological need of the oxygen 
supply to a specific organism. The range of oxygen equilibrium constants vary over 
at least four orders of magnitude from Ascaris sp,, hemoglobin with K,,= 145 to 
human hemoglobin in the T structure (low oxygen affinity state) withK^^O.OOS. The 
equilibrium constant of trout hemoglobin IV ai acid pH may be several orders still 
smaller. 
One of the most impressive features of the hemoglobins is the constancy of 
their tertiary structure, all the way from leg-lienioglobins coded by plant genes, to 
invertebrate and vertebrate hemoglobins. This constancy is not due to one invariant 
amino acid sequence, but is the result of several invariant residues, the proximal 
histidine and a phenylalanine that wedge the heme into its pocket. The only feature 
common to all the hemoglobins is a set of internal sites which are invariably occupied 
by non-polar amino acid residues ensuring the exclusion of polar residues from the 
interior. This appears to have been sufficient to preserve the vitally important 
geometry of the heme pocket, but allows the structures to vary in detail. The angles 
between helical segments differ by up to 20° and the points of contact between them 
by up to 7A°. Many different combinations of side-chains are found to produce helix 
interfaces that are comparably well packed, as if the tertiary structure had been 
preserved by a patchwork of improvisations. 
The ancestral respiratory protein is supposed to be a single chain of polypeptide 
with heme as its prosthetic group for reversible binding with oxygen. These are 
considered as monomeric respiratory proteins. On the other hand respiratory 
proteins, capable of cooperative oxygen binding, evolved for fast moving animals. In 
such respiratory proteins several monomeric subunits or polypeptide chains are held 
together by salt bridges. Oxygenation does not readily occur unless some of these 
salt links are broken, enabling the iron atom to move easily into the plane of the heme 
group. The number of salt links that need to be broken for the binding of an oxygen 
molecule depends on whether it is the first, second, third or fourth to be bound. More 
salt links must be broken to permit the entry of the first 0^ than the subsequent ones. 
Because energy is required to break salt links, the binding of the first O2 is 
energetically less favored than that of subsequent oxygen molecules. The binding 
affmity for the second and third O2 molecules is intermediate between first and last. 
This sequential increase in oxygen affinity would give the observed sigmoidal oxygen 
binding curve. The cooperative binding of oxygen by respiratory proteins enable 
them to deliver more oxygen under typical physiological conditions as it would if the 
sites were independent. 
A further important step in evolution of respiratory proteins has been the 
enclosure of oxygen carriers in erythrocytes. In order to contain oxygen carriers in 
the blood vessels i.e., extracellular respiratory proteins had to have very large 
molecular weights. Such large complexes do not exhibit as much chemical versatility 
as the intracellular tetrameric respiratory proteins. 
1.1. HISTORICAL REVIEW 
The term hemoglobin was introduced by Hoppe-Seyler (1864) to the pigments of 
blood. Lankester (1868) suggested "erythrocruorin" (red pigment) as a general term 
for protoheme oxygen binding respiratory pigments of invertebrates, without 
accounting for the structure or function of the pigment. The term erythrocruorin for 
invertebrate respiratory pigment, however, was but a misnomer and unjustified 
(Keilin and Hartree, 1951), being quite distinct from those of vertebrates. Smith 
(1961) recognized erythrocruorin to all known or presumed protoheme respiratory 
pigments capable of undergoing reversible oxygenation, while those (erythrocruorin) 
known or presumed to function in oxygen storage were classified as "myoglobins". 
The term myoglobin generally refers to a respiratory protein of muscles, which is a 
relatively small oxygen binding protein of 17 kDa molecular weight. Korber (1866) 
reported differences in the patterns of denaturation of hemoglobins of various 
species by strong acids or alkalis. This species specificity has been confirmed latter 
by modern physicochemical and immunological techniques. Wayman (1966) suggested 
that the role of myoglobin within cells " is the counterpart of hemoglobin 
at the macroscopic level of transport in the whole organism, the only difference being 
that in one case the driving mechanism is a pump (the heart), in the other a molecular 
process (translational diffusion)". Investigations on the porphyrins by Kustcr 
(I9I2), Willstalter ei al., (1913) and by various other workers were particularly 
important for complete understanding of protoheme structures (Fischer and Zeille, 
1929). James B. Conant* of Harvard University demonstrated in 1923, that the iron 
atoms in both oxyhemoglobin and deoxyhenioglobin are in the same electronic 
condition, i.e., the divalent ferrous state. The hemoglobin is oxidized to the 
trivalent or ferric state if treated with ferricyanide or removed from red blood cells 
(RBCs) and exposed to air for a considerable period of time. The studies on the 
chemical derivatives of heme (Haurowitz, 1928) strongly suggested that the prosthetic 
groups of all hemoglobins are identical. Polderman (1932) arrived at similar 
conclusion on the basis of spectroscopic studies. TheN-terminal amino acid analysis 
of hemoglobin by Porter and Sanger (1948) showed that the terminal amino group 
was contributed by valine. In beef, sheep and goat hemoglobins, the N-terminal 
groups are valine and methionine. This analysis has been confirmed by other workers 
also. Allen B. Edmundson* determined the sequence of amino acid units in the 
molecule of sperm-whale myoglobin. The sequence of the alpha and beta chains of 
adult human hemoglobin have been analyzed independently by Gerhardt Braunitzer* 
and his colleagues at the Max Planck Institute for Biochemistry in Munich, and by 
William H. Konigsberg*, Robert J. Hill* and their associates at the Rockefeller 
Institute. 
Fetal hemoglobin, a variant of the human adult form, contains a chain known 
as gamma, which is closely related to the beta chain. Its complete sequence has been 
analyzed by Walter A. Schroeder* and his colleagues at the California Institute of 
Technology. The sequences of several other species of hemoglobins and that of 
human myoglobin have also been elucidated. The works of Kendrew*, Herman C. 
Watson* and M. F. Perutz* on the possible mechanism of folding of the hemoglobin 
molecule in particular and proteins in general, concern the distribution of the so 
called polar and non-polar amino acid units on the surface and in the interior of the 
molecule. Elkon R. Blout* of the Harvard Medical School reported that amino acids 
such as valine or threonine if present in large numbers, inhibit the formation of alpha 
helices, but these do not seem to have a decisive influence in myoglobin and 
hemoglobin. In 1937, Felix Haurowitz* at the German University of Prague, 
discovered an important clue to the molecular explanation of hemoglobin's 
physiological action. He put a suspension of needle shaped oxyhemoglobin crystals 
away in the refrigerator. When he took the suspension out some weeks later, the 
oxygen had been used up by bacterial growth and the scarlet needles had been 
replaced by hexagonal plates of purple reduced hemoglobin. While Haurowitz* 
observed the crystals under the microscope, oxygen penetrated between the slide and 
the coverslip, causing the purple plates to dissolve and the scarlet needles of 
hemoglobin to re-form. This transformation convinced Haurowitz that the reaction 
of hemoglobin with oxygen must be accompanied by a change in the structure of the 
hemoglobin molecule. In myoglobin, on the other hand, no evidence for such a 
change has been detected. Haurowitz* and Perutz* performed an x-ray analysis at 
low resolution on the reduced form of hemoglobins of man and horse. F.J 
W. Roughton* and others at the University of Cambridge have suggested that the 
change to the oxygenated form of hemoglobin takes place after three of the four iron 
atoms have combined with oxygen. When the change has occurred the rate of 
combination of the fourth iron atom with oxygen is speeded up several hundred times. 
Nothing is knov^n as yet about the atomic mechanism that sets off the displacement 
of the beta chains. The hemoglobin H of certain anemic patients is short of alpha 
chains, the beta chains deficient of their usual partners, group themselves into 
independent assemblages of four chains. The hemoglobin H resembles normal 
hemoglobins in many of their propenies. However, Reinhold Benesch* and Ruth E. 
Benesch* of the Columbia University College ofPhysicians and Surgeons discovered, 
that the four iron atoms in hemoglobin H do not interact, which led them to predict 
that the combination of hemoglobin H with o.xygen should not be accompanied by a 
change of structure. Lelio Mazzarella* and M. F. Perutz* verified this prediction 
using the crystals grown by Helen M. Ranney* of Albert Einstein College of 
Medicine. 
* Perutz, M. F. (1978) Hemoglobin structure and respiratory transport. Scientific 
American, (December), 68-85 
In 1938, a Cambridge group of crystallographers began working on 
hemoglobins, to study details on the external and internal structure of the protein 
molecule. Jon Kendrew (1957)* applying heavy-atom method to myoglobin, made 
a three dimensional model of myoglobins from sperm whale. In 1959, M. F. Perutz*, 
Michael Rossman*, Ann F. Cullis*, Hilary Muirhead*, Tony C. T. North* prepared 
a three-dimensional electron-density map of hemoglobin at a resolution of 5.5 
angstrom (A°) units. This was a fundamental breakthrough which led towards the 
understanding of the protein structure. 
1.2. STRUCTURE 
Hemoglobin consists of a large protein molecule, the globin, a histone protein 
consisting of four polypeptide chains (two alpha and two beta), to each of which is 
attached a prosthetic heme group. The heme consists of an organic part and an iron 
atom. The organic part, protoporphyrin, is made up of four pyrrole rings. The four 
pyrroles are linked by methene bridges to form a tetrapyrrole ring. Four methyl, two 
vinyl and two propionate side chains are attached to the tetrapyrrole ring. These 
substituents can be arranged in fifteen different ways. Only one of these isomers, 
called protoporphyrin IX, is present in biological systems. 
The iron atom in the heme is attached to the four nitrogen in the centre of the 
protoporphyrin ring. The iron can form two additional bonds, one on each side of 
the heme plane These bonding sites are termed as the fifth and sixth coordination 
positions. The iron atom can be in the ferrous (+2) or the ferric (+3) oxidation state 
and the corresponding forms of hemoglobin are called ferrohemoglobin and 
ferrihemoglobin respectively. Ferrihemoglobin is also called methemoglobin. Only 
ferrohemoglobin, the +2 oxidation state, can bind oxygen. The same nomenclature 
applies to myoglobin. The heme group is located in a corner of globin protein in 
hemoglobin. The highly polar propionate side chains of the heme are on the surface 
of the molecule. At physiological pH, these carboxylic acid groups are ionized. The 
rest of the heme is inside the molecule, where it is surrounded by nonpolar residues 
except for two histidines. The iron atom of the heme is directly bound to one of these 
histidines, named residue F8. The histidine, which occupies the fifth coordination 
position, is called the proximal histidine. The iron atom is about 0.3 A° out of the 
plane of the porphyrin, on the same side as histidine F8. The oxygen-binding site is 
on the other side of the heme plane, at the sixth coordination position. A second 
histidine residue (E7), termed as the distal histidine, is near the heme but not bound 
to it. The distal histidine and other residues surrounding the sixth coordination site 
sterically block the formation of heme-02-heme complex and prevent the oxidation 
of hemes. The distal histidine also forces carbon monoxide to bind at an angle rather 
than in straight line. This bent geometry in the globins weakens the interaction of CO 
with heme. 
The decreased affinity of myoglobin and hemoglobin for CO is biologically 
important. Carbon monoxide is a potential hazard because about 1% of the sites in 
myoglobin and hemoglobins are blocked by CO, a tolerable degree of inhibition. 
However, endogenously produced CO would cause massive poisoning if the affinity 
of these proteins for CO was like that of isolated iron porphyrins. This challenge is 
solved by the evolution of heme proteins that discriminate between oxygen and 
carbon monoxide by sterically imposing a bent and hence a weaker mode of binding 
for carbon monoxide. 
The conformation of the three physiologically pertinent forms of hemoglobin 
subunits are very similar except at the sixth coordination position. In deoxyhemogiobin, 
it is empty; in oxyhemoglobin and ferrihemoglobin it is occupied by oxygen and water 
respectively. The axis of the bound oxygen is at an angle to the iron-oxygen bond. 
The oxygen binding site comprises only a small fraction of the volume oi the 
hemoglobin molecule. Indeed, oxygen is directly bonded only to the iron atom of ihe 
heme. The polypeptide chain of the subunit hemoglobin confers distinctive properties 
to its prosthetic group. The same heme group has quite a different function in 
cytochrome c, a protein in the terminal oxidation chain in the mitochondria of all 
aerobic organisms. In cytochrome c, the heme is a reversible carrier of electrons 
rather than oxygen. Heme has yet another function in the enzyme catalase, where it 
catalyzes the conversion of hydrogen peroxide into water and oxygen. 
There are four polypeptide chains, held together by noncovalent attraction. 
Each contains a heme group and a single oxygen binding site. Hemoglobin A, the 
principal hemoglobin in adults, consists of two alpha (a) and two beta (P) chains. 
Adults also have a minor hemoglobin (ca. 2% of total hemoglobin) called hemoglobin 
A2, which contains delta (5) chain in place of the beta chain of hemoglobin A. Thus 
the subunit composition of hemoglobin A is a2 ^2 ^^^ ^^^^ of hemoglobin A2 is aj 
52-
Fetuses have distinctive hemoglobins. Shortly after conception, fetuses 
synthesize Zeta (Q chains (which are a like chains) and epsilon (e) chains (which are 
P like). In the course of fetal life, C, is replaced by a and e is replaced by gamma (y), 
which is finally replaced by p. The major hemoglobin F, has the subunit composition 
a2 72- The a and C, chains contain 141 residues; the p.y and 5 chains contain 146 
residues. 
By X-ray diffraction and chemical analysis of hemoglobin, important set of 
relationships have been revealed. First, it has been found that alpha and beta chains 
of hemoglobin have nearly identical tertiary structures. Both have well over seventy 
percent alpha helical character, similar length of alpha helical segments and the bends 
or turns with approximately same angles. Second, the hemoglobins of many different 
vertebrate species have approximately the same tertiary structure of their polypeptide 
chains. Moreover, the quartcrnary structure of different hemoglobins closely 
resemble each other. The third important point is that the tertiary structure of the 
alpha and beta chains of hemoglobins are very similar to the tertiary structures of 
myoglobins. Thus the similar tertiary structures of myoglobins and alpha and beta 
chains of hemoglobin can be related to the capacity of both proteins to bind oxygen 
as their biological function. 
The family of relationships between myoglobin and hemoglobin chains is 
further shown by a comparison of the amino acid sequences. Sperm whale myoglobin 
and alpha and beta chains of horse hemoglobin show twenty seven identical residues 
at comparable positions and have very closely related residues at forty other 
positions. Thus amino acid sequences of homologous proteins share a number of 
corresponding invariant residues making homologous proteins to maintain similar 
three dimensional structures. 
1.3. OCCURRENCE AND DISTRIBUTION OF HEMOGLOBIN 
The pigment hemoglobin shows ubiquitous appearance in both animal and plant 
kingdoms. Spectroscopically hemoglobins have been detected in micro-organisms 
such as ascomycetes fungi, Neiirospora crassa and Penicillium notatuni (Keilin and 
Tissieres, 1953); among protozoans Paramecehim caudatum and Tetrahymena 
pyriformis (Keilin and Ryley, 1953) possess hemoglobin like pigments. 
As oxygen binding pigment identical to the human hemoglobin has also been 
found to occur in root nodules of leguminous plants and is referred to as leghemoglobin 
(Sternberg and Virtaney, 1952). This helps in oxygen supply to the symbiotic 
bacteria in the root nodules for nitrogen fixation. 
The leghemoglobins are resolved chromatographically into two major and 
two minor components of molecular weight 17.5 kDa and 19.5 kDa respectively. 
Distribution of respiratory pigments in invertebrate animals was reviewed by 
Fox and Vevers (19()0). In animal kingdom the hemoglobin is so far known to occur 
10 
in ciliate Protozoa, Turbellaria Trematoda, Nemertina, Nematoda, Phoronida, 
Amphineura, Gastropoda and Pelecypode Mollusca, Annelida, Crustacea and Insecta, 
Holothuroida, Echiuroda, Pogonophora and almost all vertebrates. Although the 
distribution of hemoglobin is sporadic, it is by far the most widespread oxygen-
carrying respiratory pigment. Hemocyanin, the next most common respiratory 
pigment, is known only in gastropod and cephalopod molluscs in Arachnida and in 
Crustacea. Chlorocruorin is found only in polychaete annelids and hemerythrin in 
siphunculids and in some Polychaete. 
Amongst the members of the'Platyhelminthes, hemoglobin has been found in 
the representatives of the classes Turbellaria, Trematoda and Monogenea but is 
definitely absent from the class Cestoda. Among the members of the phylum 
Nematoda two different hemoglobins occur one in perienteric fluid and the other in 
body wall. 
In annelids the physiological and chemical properties of hemoglobins have 
been studied in quite detail. These show striking differences in structure and oxygen 
equilibrium properties (Manwell, 1960; 1964; Jones, 1963; Florkin, 1969). They 
range in size from high molecular weight extracellular hemoglobins (erythrocruorins) 
to low molecular weight intracellular hemoglobins and myoglobins (Sevedberg, 
1933; Sevedberg and Eriksson-Quensel, 1934; Hoffman and Mangum, 1970; Weber, 
1972; Terwilliger and Koppenheffer, 1973). 
Among the insects, hemoglobin is somewhat rare in occurrence, being found 
only in few Diptera and Hemiptera, and members of the four classes of Crustacea : 
the Branchiopoda, Ostracoda, Copepoda and Cirrepedia (Fox, 1957; Ilan et ai. 
1979, Dangott and Terwilliger, 1981; Wolf, t?ra/. 1983). Hemoglobins are also found 
in blood of some gastropod molluscs and some echinoderms. Limited studies have 
been made by Yagi et ai, (1955) on the molecular weight, absorption spectra and 
amino acid composition ofAinira inflala hemoglobin. 
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Most invertebrate hemoglobins are extracellular and possess comparatively 
high molecular weight and low isoelectric points compared with the intracellular 
hemoglobins of vertebrates. However, hemoglobins of relatively low molecular 
weights are found in Chironomus sp., some annelids, some nemerteans and in the 
lamellibranch mollusc, Area sp. In hoX\{ Area sp., and the polychaete A^o/o/wa /^w^ sp., 
the hemoglobins with a molecular weight of about 30 kDa is contained within the 
corpuscles. These low molecular weight hemoglobins can be contrasted with high 
molecular weight hemoglobins of invertebrates such as Daphnia sp., having 360 kDa 
M'^M andPlanorbisearneres 300 kDa(Wayman, 1948). The random distribution and 
wide diversity in the nature of invertebrate hemoglobins implies an independent line 
of evolution of this protein. 
In vertebrateSjhemoglobin and myoglobin are the respiratory pigments of the 
blood and muscles respectively. In most vertebrates the hemoglobin is tetrameric, 
each molecule consisting of four globin chains, each chain associated with a heme 
group. (Braunitzer, 1958; Muller, 1961 a,b). The mass of vertebrate hemoglobins 
ranges from 61 kDa to 72 kDa but despite considerable differences in the primary 
structures of their globin chains in higher vertebrates, the isoelectric pH is restricted 
to a range of 6.9 - 8.0 (Gratzer and Allison, 1960). 
Myoglobin, occurring in the muscles of vertebrates, is a monomeric form of 
vertebrate respiratory pigments. It is quite probable that myoglobin, a single 
polypeptide chain protein, and hemoglobin, a tetrameric protein could have evolved 
from a common ancestral oxygen binding heme protein, which might have a single 
polypeptide chain. At some point in further evolution of species the gene coding for 
the ancestral oxygen binding protein might have become duplicated. The two gene 
copies then underwent mutations independently, so that one of them gradually coded 
for the myoglobin type of protein, adapted to storage of oxygen in cells, and the other 
gene underwent a ditTerent pathway of mutations to code ultimately for the alpha and 
beta chains of hemoglobin, adapted to transportation of oxygen in the red blood cells. 
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The primitive hemoglobins still consist of only a single peptide chain. The 
hemoglobin of Lamptera has a molecular weight of 17 kDa and possesses only one 
heme group, thus implying its monomeric nature. Sevedberg (1933) found that 
hemoglobins of molecular weights of 17 kDa and 34 kDa were found in Myxine 
glutinosa suggesting the presence of both monomers and dimers. 
1.4. HEMOGLOBINS IN HELMINTHS 
Apart from hemoglobin, no other respiratory pigments (such as hemocyanin, 
hemerythrin or chlorocruourin) have been detected in helminths. 
A good introduction to the study of hemoglobins is given byProsser (1973). 
Invaluable revie;ws on hemoglobins in endoparasites have been given byBeaven and 
Gratzer (1959 a,b), Gratzer and Allison (1960) and Manwell (1960), von Brand 
(1952) gave a brief review of some of the literature on heme pigments in endoparasites 
and Rogers (1962) gives a good review of hemoglobins and their functions in 
nematodes. The review on the physiological aspects of hemoglobin functions by 
Jones (1963) is in considerable detail. A standard work of reference is "Hematin 
Compounds and Bile Pigments" by Lemberg and Legge (1949). Wherever examined 
in detail, the parasite hemoglobins were always found to be distinct from those of 
their hosts (Lutz and Siddiqi, 1967; Haider and Siddiqi, 1977; Fusco, 1978 and 
Rashid, 1991). With the possible exception of Parascaris sp., (Hurlaux, 1947, 
1948), which needs reinvestigation, it has been shown that the parasite hemoglobins 
are endogenous and different from those of the host. 
Methods for the isolation and purification of hemoglobin of some parasites are 
given by Keilin and Wang (1946) and Smith and Morrison (1963). 
It should be noted that hemoglobin has not been reported from an\- parasitic 
protozoan, cestode, acanthocephalan, parasitic molluscs, or aracimids. 
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The heraoglobin in parasitic helminths occurs in tissues, but in nematodes it 
is also found in the perienteric fluid. Occasionally, hemoglobin is located preferentially 
in certain regions of the parasite e.g., in Fasciola hepatica, it is found primarily 
around the vitellaria and uterine coils, and in the nematode, Mermis subnigrescens, 
in the anterior chromotrope (light sensitive organ). The association of hemoglobin 
with the vitellaria in F. hepatica may be related to the oxygen requirement of egg 
tanning. Stephenson (1947) found abundant hemoglobin near the vitellaria and distal 
uterine coils inF. hepatica, whereas Lutz and Siddiqi( 1967) observed concentrations 
around both the suckers of Fasciola gigantica. Cain (1969a) located hemoglobin in 
Philopthalamus megalurus and Fasciolopsis buski throughout the parenchyma with 
noticeably greater intensity near the proximal uterine loops and areas bordering the 
excretory spaces, whereas less color was evident in the suckers and parenchyma 
adjacent to the vitellaria and ceca. Cain also detected host hemoglobin in the gut of 
P. megalurus, but not in F. buski, although virtually absent from the reproductive 
organs, a positive benzidine reaction was observed in developing eggs of P. 
megalurus. 
Parasites frequently contain multiple hemoglobins. In the class Trematoda, 
the hemoglobins of F. gigantica, Dicrocoelium dendriticum, P. megalurus and 
Echinostoma revolutum can be separated into two components, butF. buski has only 
one hemoglobin. The perienteric fluid and bodyv/all hemoglobins of Ascaris 
lumbricoides are further separable into two components. The gapeworm. Syngamus 
trachea, has only one hemoglobin (Rose and Kaplan, 1972) but there are three 
hemoglobins in Tetrameres confusa, five in Oslertagia sp., and six in Oheliscoides 
cuniculi. The bodywall of 0. cuniculi contains three hemoglobins, two in perienteric 
fluid and one in gut. Developing fourth and tMh-stage larvae of 0. cuniculi have 
been reported to contain another different hemoglobin. In T. confusa. only the 
females have hemoglobin and in Spirocamallanus cricolus, the hemoglobins from 
males and females have ditTerent isoelectric points (Fusco, 197S). 
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The free living stages of parasitic nematodes, however, do not appear to 
contain hemoglobin as in 0. cuniculi, hemoglobin but it becomes detectable in the 
parasitic fourth stage larva. Hemoglobin is found in larval forms of Trichinella 
spiralis and Eustrongylides ignotus, but both of these larvae are tissue parasites. 
Vandergon et al., (1988) detected intracellular hemoglobin in gymnophallid 
metacercariae, parasitic in the metanephridial sacs of the common marine polychaete 
v/orm Amphitrite ornata. The hemoglobin ofthese metacercariae show characteristic 
absorption spectra for oxygenated and carbon monoxide derivatives and had an 
oxygen half saturation (P50) value of 1.1. The pigments also showed cooperative 
oxygen binding with a Hill coefficient of 2.2 and exhibited a significant Bohr effect 
between pH 6.8 and 7.4. 
With the exception of^. lumbricoides the physical properties of helminth 
hemoglobins have not been extensively studied. The only values so far available for 
the molecular weight of helminth hemoglobins are : F. hepatica 17.5 kDa; F. buski 
15 kDa; D. dendriticum 15.5 kDa; iS". trachea 38.4 kDa and A. lumbricoides, 
perienteric fluid hemoglobin 328 kDa and bodywall hemoglobin 40.6 kDa. Generally, 
in invertebrates, intracellular hemoglobins have a relatively low molecular weight, 
whereas extracellular hemoglobins have a high molecular weight (Barrett, 1981). 
1.5. OXYGEN AFFINITY OF PARASITE HEMOGLOBINS 
An important parameter of hemoglobin function is its oxygen affinity. The oxygen 
tension at half saturation, the P50 is generally used as an index of oxygen affinity. 
All helminth hemoglobins show a high oxygen affinity and there may be an 
inverse relationship between P50 and environmental oxygen tension. All the mammalian 
gut parasites have a low P^Q, whilst S. trachea (from the trachea of birds) and 
Camallamis trispiuosus hemoglobins (from reptiles) have higher P^Q values than 
their host hemoglobins. In A. lumbricoides the perienteric fluid hemoglobin has a 
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higher oxygen affinity than the bodywall hemoglobin. Usually, when two hemoglobins 
are present in an animal, the reverse situation exists, with the tissue hemoglobin 
having the highest affinity, thus enabling oxygen to be transferred from the circulating 
fluid to the tissues. The P50 - 0.01 mmHg at 37°C of A. lumhricoides perienteric 
fluid hemoglobin for oxygen is the highest reported for any hemoglobin and is a 
reflection of the extremely small dissociation constant. Tuchschmid et al, (1978) 
and later Smit et al, (1986) observed a high oxygen affinity in case of Dicrocoelhim 
dendriticiim hemoglobin. 
1.6. SHAPE OF THE OXYGEN DISSOCIATION CURVE 
In monoheme pigments, such as myoglobin, the oxygen dissociation curve is 
hyperbolic. In multiheme pigments, the heme groups can interact with one another 
and the oxygen dissociation curve becomes sigmoidal. All helminth hemoglobins so 
far studied have not shown heme-heme interaction. Some helminth hemoglobins, 
such as the one from A. lumhricoides bodywall, are monoheme pigments, but others, 
like perienteric fluid hemoglobins, are multiheme pigments. 
1.7. BOHR EFFECT 
In many invertebrate hemoglobins there is little or no Bohr effect and in some cases 
a reverse or negative Bohr effect has been observed, i.e., acidification increases 
oxygen affinity. In parasitic helminths, the hemoglobin oiS. trachea shows a small 
positive Bohr effect, whilst the body wall and perienteric fluid hemoglobins of .4. 
lumhricoides show a small negative Bohr effect. A reverse Bohr effect may be of 
adaptive value for an animal living in an environment low in oxygen and high in 
carbon-dioxide partial pressure. Tuchschmid a al., (1978) and Smit et al., (1986) 
have observed a marked acid Bohr effect in the liver t^uke Dicrococlium dciidriticum 
hemoglobin. 
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1.8. PHYSIOLOGICAL ROLE OF HEMOGLOBIN IN HELMINTHS 
Oxygen binding pigments, such as hemoglobins, have two distinct functions. 
They either help to maintain a continuous supply of oxygen to the tissues or they act 
as an oxygen reserve. In addition, intracellular hemoglobins can facilitate the 
passage of oxygen through tissues at low oxygen tensions. The hemoglobin-
modulated facilitated diffusion of oxygen through a static solution is called the 
Scholander effect (Scholander, 1960). It may be an important function of invertebrate 
tissue hemoglobins. 
All helminth hemoglobins that have been studied in detail have high oxygen 
affmities and probably remain fully oxygenated in vivo. These hemoglobins also 
become deoxygenated under anaerobic conditions, except the perienteric fluid 
hemoglobin of/4. himbricoides which can be deoxygenated only by chemical means 
(dithionite treatment). 
1.9. PHYSICOCHEMICAL PROPERTIES OF TREMATODE 
HEMOGLOBINS 
1.9.1. Spectral properties 
The spectral study of hemoglobins in trematodes has been made by many workers 
such as Wharton (1939, 1941); Van Grembergen (1949); Goil (1959, 1961); Freeman 
(1963); Todd and Ross (1966); Lutz and Siddiqi (1967); Cain (1969a) and Haider and 
Siddiqi (1976). 
The absorption spectra of the porphyrins are so characteristic that in many 
cases they can be used for identifying and differentiating their kinds. This is 
especially true for hemoglobin and its derivatives which can be classified as ferrous 
ionic or ferric covalent compounds, according to the nature of their absorption 
17 
spectra. Haider and Siddiqi (1976) studied the spectral properties of several 
derivatives of hemoglobins of six different trematodes from three different hosts and 
concluded that porphyrin IX is the common prosthetic group, and oxyhemoglobin, 
carbonmonoxy hemoglobin and reduced hemoglobin show absorption maxima, 
similar to those of the equivalent hemoglobins of their hosts. Pronounced differences 
were observed however, in the spectral behavior of cyanmethemoglobin and pyridine 
derivatives when compared with similar derivatives of their respective host 
hemoglobins. 
1.9.2. Alkali denaturation 
Exhaustive studies were performed by Haider and Siddiqi (1977) on the susceptibility 
to denaturation of hemoglobins of trematodes by strong alkalis. The study showed 
that trematode hemoglobins are more resistant to alkali denaturation than their 
corresponding host hemoglobins, however, the pattern of denaturation varies among 
the trematodes. This was probably due to the variations in the amino acid sequences of 
different trematode hemoglobins. Although detailed information on the amino acid 
sequence and crystal structure of hemoglobin ofD. dendriticum is available but not 
published (Smit, 1983). Nuclear magnetic resonance (NMR) studies by Lecomte ei 
al., (1987, 1989) suggest the distal residue to be a tyrosine. 
1.9.3, Electrophoretic properties 
Lutz and Siddiqi (1967) first of all demonstrated the differences in the electrophoretic 
pattern oi F. gigantica and its host hemoglobin. Cain (1969b) determined the 
molecular mass of F. buski hemoglobin by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE). He also studied the electrophoretic behavior of F. 
buski hemoglobin in acrylamide gels with and without urea and proposed that F. 
buski hemoglobin is a monomcric protein which is consistent with its molecuhir 
weight and single heme group. 
2. OBJECT OF THE STUDY 
The occurrence of hemoglobin and its function in trematodes which are 
apparently anaerobic has remained shrouded in mystery. 
The trematode hemoglobins have always been suspected of their endogenous 
origin and having functions useful to the trematodes. This is so because the 
trematodes obtain their nutrition from the host tissues, part of which consists of host 
blood. The trematode hemoglobin thus was doubted to be of the host origin. 
Moreover, the trematodes being anoxybiont should not be expected to require 
oxygen for their metabolism. 
However, properties such as absorption spectra, electrophoretic mobilities 
molecular mass and oxygen binding affinity of some trematode hemoglobins have 
been found to be strikingly different from their respective host hemoglobins. This 
suggests that trematodes could be synthesizing these oxygen binding colored 
proteins and utilizing them in their physiology. 
The exact function of trematode hemoglobins is yet to be elucidated. However, 
before studying the physiological aspects it is imperative to know the biochemical 
properties of these unique oxygen binding proteins of the trematodes. 
The vertebrate hemoglobins and myoglobins have been comparatively well 
studied. Most of the studies on trematode hemoglobins have been limited to the 
identification of the pigment, estimation of the amount present and its distribution 
in and among trematodes. Only the hemoglobins of the liver fluke Dicrocoelium 
dendriticum has been well characterized. It has a high oxygen affinity and a marked 
acid Bohr effect (Tuchschmidt'/c//., 1^78, Smii :;a/., 1*^ 86) Thcspectrophotometric 
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and oxygen affinity properties of several other digenetic trematodes have been 
studied by Siddiqi and colleagues (Haider and Siddiqi, 1976, 1977; Siddiqui and 
Siddiqi, 1987). However, the precise physicochemical properties and physiological 
roles of hemoglobin in trematodes have remained far less investigated. 
For the understanding of the relationship between the structure and function 
of trematode hemoglobins, a comparative study of widely different trematode 
hemoglobins is desirable. Such a study will elucidate the correlation of structural 
features of trematode hemoglobins with properties peculiar to each. 
The biological significance of these pigments in anaerobic trematodes would 
help in better understanding of the intrinsic physiological relationship between the 
host and the trematodes. 
Further, the hemoglobin molecules present one of the most rewarding 
opportunities of studying biological phenomena, such as evidences on phylogenetic 
relationships of the trematodes. The trematodes and chordates have been evolving 
along independent lines probably since the Cambrian times. Differences between 
helminth and vertebrate hemoglobins might therefore be expected to be considerably 
larger than vertebrate hemoglobins and myoglobins. 
The recent discovery of a bacterial hemoglobin (Wakabayashi ei JL, 1986) 
and the suggestion that the plant and animal globins may have a common ancestor 
(Landsmann et al., 1986) emphasizes the importance of studies on hemoglobins no 
matter where they occur. Such phylogenetically old hemoglobins should resemble 
most closely to the common hemoglobin ancestor. 
A detailed study of trematode hemoglobin will help in understanding the 
influence of niche segregation and niche adaptation at molecular level among 
trematodes. as there is no molecule other than hemoglobin which is so versatile and 
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which responds to the changes, according to the physiological needs of the organism 
in which it is found. 
In India, animals like cattle, pigs and fishes harbor various species of digenetic 
trematodes in enormous number'. These trematodes occur in different habitats and 
provide a favorable opportunity to study some of the comparative aspects of the 
trematode hemoglobins in relation to their hosts as well as from the point of view of 
interspecific differences and similarities in trematodes at a molecular level. 
For this study three trematodes, belonging to the family Paramphistomatidae 
viz, Gastrothylax crumenifer, Paramphistomum epiclitum from the rumen and 
Explanatum explanatum ( = Gigantocoiyle explanatum) from the bile ducts of a 
higher vertebrate (mammal) Buhalus hubalis, the common Indian water buffalo; and 
a fourth trematode Isoparorchis hypselobagri belonging to the family Isoparorchidae 
parasitic in the swim bladder of a lower vertebrate Wallago attu, the catfish, have 
been chosen. The properties of hemoglobin molecules of these trematodes from 
different hosts and habitats are compared, in order to study possible similarities or 
differences among homologous proteins of diiTerent trematode genera. Among 
these, the absorption maxima of hemoglobins have been examined to study if 
trematode hemoglobins are same as a typical vertebrate hemoglobin. The heme 
content of trematodes and their host hemoglobins has been estimated. The 
electrophoretic mobilities, homogeneity, molecular weight and subunit structures of 
trematode hemoglobins are analyzed and compared. The isoelectric point of 
trematode hemoglobins have been studied as these are very specific to any protein. 
Conformation of various hemoglobins of trematodes and their host has also been 
studied comparatively. A comparison of priman.- structures of trematode and their 
host hemoglobins has been made, to investigate whether trematode hemoglobins are 
endogenous or of the host origin and if there occurs any homology among various trematode 
and their host hemoglobins. Finally, physiology of trematode hemoglobins have been studied 
to see if these are functional respiratory proteins, and what is the mode of their functioning. 
3. MATERIALS AND METHODS 
The trematodes Gastrothylax crumenifer and Paramphistomum epiclitiim 
from the rumen and Explanatum explanatum (=Gigantocotyle explanatum) from the 
Jiver of water buffalo Bubalus bubalis, were collected from the local abattoir in 
Aligarh. Isoparorchis hypselobagri, a trematode parasitic in the swim bladder of a 
catfish Wallago attu, was obtained from a local fish market in Aligarh. The 
trematodes were immediately brought to the laboratory, washed and incubated for 
an hour in normal saline containing 8mM glucose in order to let them shed their eggs 
and gut contents, rinsed with distilled water, blotted dry on filter paper and stored 
at - 20°C. 
3.1. PARTIAL PURIFICATION OF TREMATODE HEMOGLOBINS 
About 100 g of fresh frozen trematodes were homogenized in 3-5 volumes of 
ice-cold 0.5M Tris-HCl buffer, pH 7.0, containing ImM phenylmethylsulfonyl 
fluoride (PMSF) and 5mM ethylenediamine tetraacetic acid (EDTA) in an 
icecold mortar with a pestle. The homogenate was centrifuged at 15,000 g for 
20 min at 4°C to remove the tissue debris. The clear supernatant was made 40% 
saturated with ammonium sulfate and centrifuged again. The supernatant was 
then brought to 70% saturation with ammonium sulfate and centrifuged; the 
resulting supernatant was finally saturated to 95% with ammonium sulfate to 
precipitate the hemoglobin containing fraction. The precipitate was dialyzed 
twice against 2000 volumes of 0.05M Tris-HCl buffer pH 7.0 for 18 hrs at 4°C 
and concentrated against polyethylene glycol (MW 20 kDa) which due to its 
high molecular weight does not enter into the dialyzing bags. 
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3.2. GEL FILTRATION CHROMATOGRAPHY 
This technique was employed to further purify the partially purified trematode 
hemoglobins and to estimate their molecular weights. Gel filtration is advantageous 
in the sense that it does not require highly purified proteins for the estimation of 
molecular weights and other hydrodynamic properties such as Stoke's radius, 
friction coefficient and partition coefficient (Kav). The mechanism involved in gel 
filtration is that it separates a mixture of molecules on the basis of small difference 
in their size. With the proper experimental design, a protein can be separated from 
other protein species differing in molecular weight by a factor of two or slightly less. 
Practical simplicity, excellent recovery, free choice of elution condition and straight 
forward interpretation of results make fractionation by gel filtration an invaluable 
part of any purification scheme. 
3.2.L Packing of the column 
This is a very critical stage in any gel filtration experiment. A poorly packed column 
will give rise to uneven flow, zone broadening and loss of resolution. The flow rates 
obtainable are also affected. The trematode hemoglobins were purified over Sephadex 
G-75 column matrix which is supplied as dry powder. Sephadex is a bead-formed gel, 
prepared by cross-linking dextran with epichlorohydrin. Sephadex swells in aqueous 
solutions, and in dimethylsulphoxide and formamide. The G-types of sephadex differ 
in their degree o f cross-linking and hence in their degree of swelling and fractionation 
range. A slurry of Sephadex G-75 powder was made and suspended in excess of 
0.05M Tris-HCl buffer pH 7.0. It was then allowed to swell for five hours at 90°C 
in boiling water bath. The boiling water temperature also serves to deaerate the 
buffer. Before pouring the swollen gel into a glass column (2.5 X 100cm) (Pharmacia 
C 10) a fairiv thick slurry of about 75% settled gel was made. Fine particles were 
removed by decantation at this stage. The suspension was also degassed under 
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vacuum, the temperature of the gel suspension was brought down to room temperature 
before packing the column. 
The column was mounted on a stable laboratory stand at a location protected 
from droughts or direct sunlight and temperature fluctuations to avoid the formation 
of air bubbles in the packed column. The air bubbles trapped in the dead space under 
the net of the lower outlet of the column were removed by drawing some buffer 
through it. The outlet was closed when the dead space was properly filled with buffer. 
The well mixed gel suspension was poured slowly down the column through 
the inside wall. The column was immediately adjusted to a vertical position. A gel 
reservoir was attached to the top of the column to accommodate the excess slurry to 
achieve gel bed height of 95 cm. Care was taken to pour the slurry in a single 
operation. Preparing the column from too thin a suspension or packing in stages, 
often results in an improperly packed bed. The flow of the eluent at a slow rate was 
started immediately after filling the column to obtain even sedimentation. A flow rate 
of 15 ml/hr was gradually achieved using a peristaltic pump (Pharmacia P-1). Two 
to three column volumes of buffer was passed through the column in order to stabilize 
the bed and equilibrate it with eluent buffer. A slightly lower flow rate was used in 
the experiments than used for packing the column. The homogeneity of the bed and 
void volume of the packed column were checked by running 5ml of a freshly prepared 
solution of blue dextran 2000 at a concentration of 2mg/ml. The quality of the 
packing was checked by watching the progress of the zone of blue dextran through 
the bed. 
3.2.2. Column calibration 
A calibrated column of Sephadex provides a simple and well established way of 
determining the molecular weights of proteins in iheir native state during puritlcation. 
Gel filtration provides a means of determining the molecular weight or size (Stoke's 
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radius) of native or denatured globular proteins under a wide variety of conditions 
of pH, ionic strength, temperature etc. Thus gel filtration eliminates the need to set 
up separate experiments for purification and molecular weight analysis. The only 
special requirements for molecular weight determination is a column packed with the 
appropriate gel and a series of protein standards to calibrate it. 
The use of gel filtration for the determination of molecular weight or size 
particularly of proteins, is well documented (Janson and Ryden, 1989). In practice, 
it is found that for a series of compounds of similar molecular shape and density, a 
sigmoidal relationship exists between their Kav values and the logarithms of their 
molecular weights (log MW). Calibration curves constructed in this way for a 
particular gel type are also called selectivity curves, and over a considerable range 
there is a convenient linear relationship between Kav and log MW. In ideal gel 
filtration behavior, no molecule can be eluted with Kav greater than 1 or less than 0. 
If the Kav is greater than 1, some kind of adsorption is indicated. If the Kav is less 
than 0 after calibration then channeling in the chromatographic bed is indicated and 
the column has to be repacked. 
Several models have been proposed to describe the behavior of solutes during 
gel filtration (Janson and Ryden, 1989; Andrew. 1965). Most workers have regarded 
the partition of solute molecules between the gel particles and surrounding fluid as 
an entirely steric effect. Flodin (1962) divided the gel into permitted and forbidden 
regions. The larger the molecular dimensions of the solute the greater is the 
proportion of the gel which is forbidden. In the permitted region the concentration 
of solute is assumed to be identical to that of the surrounding liquid. 
The steric approach has been extended in various ways. Porath (1963) derived 
a theoretical relationship between distribution coefficient Kd and Stoke's radius 
assuming that the pores in Sephadex are conical. In another treatment Squire (1 "64) 
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considered pores and crevices as well as cones. An interesting approach by Laurent 
and Killander (1964) was the assumption that the gel network is composed of rigid 
rods, randomly arranged. Good correlation was found between Kav and molecular 
radius with this model. 
All of these models have been successfully applied to predict the elution 
behavior of solutes. However, as has been pointed out by Ackers (1967), none of 
them may be accurate in a structural sense. Results are equally in accordance with a 
formulation, where the fractions of the stationary phase available to molecules of 
different radii are defined by a Gaussian probability curve, and no assumption is made 
about the geometric shape of the pores. From a practical stand point, for molecular 
weight determination, it is still more common to construct a calibration curve and 
perform estimations graphically. 
The Sephadex G-75 (2.5 X 95 cm) column was calibrated by determining the 
partition coefficient (K^ )^ for the following proteins of known molecular weights 
according to Schachman, (1963) : bovine serum albumin (67 kDa) ovalbumin (43 
kDa) and myoglobin (17 kDa). The partition coefficient (K^ )^ was calculated from 
the following equation; 
Kav= (Ve - V„) / (V, - VJ 
Where V^ is the elution volume, V^ the void volume (elution volume of blue 
dextran) and V; the total volume of the gel bed (Andrews, 1964). 
The calibration curve for the column shows a linear relationship between K^^  
values and molecular weight standards. The plot of log MW vi'Kgy of marker proteins 
referred to above shows a least-square straight line (Fig. 1). 
Fisure 1. Calibration curve for the estimation of molecular mass 
by Sephadex G-75 gel filtration chromatography. The 




3.2.3. Application of sample 
The ammonium sulfate precipitated trematode hemoglobin was dialyzed against the 
elution buffer and applied either on a drained bed surface or under the eluent. To 
apply the sample on the drained bed surface the column outlet was closed and most 
of the eluent above the gel surface was removed by suction, remaining eluent was 
drained away by opening the outlet. However, the gel bed surface was prevented from 
drying by not draining the excess of eluent. The sample was layered on top of the bed 
surface and drained into the bed by starting the flow, the sample sticking on the 
column wall and bed surface was washed with a small amount of eluent. The space 
above the bed surface was refilled with the elution buffer and column inlet connected 
to the peristaltic pump. 
For sample application under the eluent, the sample was drawn into a syringe 
connected with fine needle, little air was drawn into the needle to prevent mixing of 
sample with eluent. The column outlet was closed and sample dispensed slowly along 
the inner wall of the column a few millimeters above the bed surface. After the 
application a sn:iall amount of eluent was drawn into the tubing to prevent the sample 
from mixing with eluent when the needle is withdrawn. No rinsing is required and 
eluent flow was started directly. Care was always taken to keep the sample viscosity 
slightly higher than the elution buffer so as to avoid mixing of sample with the elution 
buffer. 
3.2.4. Elution 
Accurate and reproducible control of flow rate of elution buffer was achieved using 
a peristaltic pump (Pharmacia P-l). A flow rate of 15 ml/hr was maintained by the 
above pump for the elution. Automatic fraction collector (Pharmacia FRAC 100) was 
used to collect void volume and fractions separately. 
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The fractions collected were scanned at 280 nm and 412 nm by a 
spectrophotometer (Spectronic 21, Baush& Lomb). The peak fractions were pooled 
and dialyzed overnight against two changes of 2000 volumes of distilled water, 
concentrated as described earlier and lyophilized. 
The eiution volumes of the peak fractions were measured and their molecular 
masses were estimated by extrapolating their Kav values on the calibration curve 
described earlier. 
3.3. PURIFICATION OF HOST HEMOGLOBINS 
The host B. bubalis and W. attu hemoglobins were prepared from the blood collected 
in 1: 1000 heparin (used as an anticoagulant). The heparinized blood was centrifuged 
at 2000 g for 10 min. at 4°C to separate plasma. The erythrocytes so settled were 
washed three times with isotonic saline (0.9% NaCl, 0.15M) and then lysed in an 
equal volume of distilled water. After hemolysis, cell stroma was separated from the 
solution by centrifuging the hemolysate at 10,000 g for ten minutes. The pure 
hemoglobin solution was then dialyzed and concentrated against polyethylene glycol 
(20 kDa MW), lyophilized and stored for future use. 
3.4. REVERSED PHASE CHROMATOGRAPHY 
The hemoglobins of the trematodes were also subjected to reversed phase 
chromatography on Cjg column, (RFC HR5/5 Pharmacia) using a Pharmacia FPLC 
system. Linear gradients from 0 to 90% acetonitrile in 0.1% trifloroacetic acid were 
used to elute hemoglobins. 
3.5. ABSORPTION MAXIMA 
The absorption ma.xima of the pooled hemoglobin fractions obtained by gel tlitration 
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chromatography were obtained by scanning from 400 nm to 600nm wavelength range. 
3.6. PROTEIN ESTIMATIONS 
Protein estimations were carried out by the method of Bradford (1976) and Spector 
(1978) using a spectrophotometer. The protein concentration was read on a previously 
established standard curve, (Fig. 2) prepared by using bovine serum albumin. The 
standard curve was computed as a least-square fit to a straight line. 
The Bradford reagent was prepared by dissolving 100 mg Coomassie brilliant 
blue G-250 with vigorous agitation in 50 ml 95% phosphoric acid (H3PO4). The 
mixture was diluted to 1 liter with double distilled water and filtered to remove 
undissolved dye. The solution was stored in cold and used within one week. 
Coomassie blue dissolved in acid pH below 1 turns brown red, but when it 
binds to a protein the blue color is restored due to a shift in the pKa of the bound 
Coomassie blue and according to the protein concentration. 
Protein concentration of an unknown sample was estimated by adding 2.5 ml 
Bradford reagent to 0.1 ml of sample containing up to 50 ^g protein. The absorbance 
was read at 595 nm after 2-30 minutes. 
3.7. HEME CONTENT 
The heme content of the trematode hemoglobin preparation was determined by the 
following the equation as described by Darawshe et al., (1987). 
% (WAV) heme = k.Ajij/Ajj,, 
Where k= 1.03 
Figure 2. Calibration curve for the estimation of protein 
concentration, using dye binding method. The curve is 
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3.8. POLYACRYLAMIDE GRADIENT GEL ELECTROPHORESIS 
(PAGGE) IN NATIVE STATE 
Polyacrylamide gradient gel electrophoresis of trematode and tlieir host hemoglobins 
was carried out to assess the homogeneity of the hemoglobin preparations and to 
observe the differences/similarities in the relative mobility (Rm) values of various 
hemoglobins, and whether, the hemoglobin fractions are also the major protein 
fractions. Simple electrophoresis does not interfere with the three dimensional 
structures of proteins, i.e., it does not denature them. For electrophoresis, purified 
and lyophilized hemoglobins of trematodes and their hosts were dissolved in a sample 
buffer containing 10% glycerol/0.0625M Tris -HCl, pH 6.8/water, at a concentration 
of 2mg/ml. 
The electrophoresis apparatus used consisted of an electrophoresis chamber 
(AE-6200) and gradient former (SJ-1060 GG) with a peristaltic pump (SJ-1211H) 
from Atto Corporation, Japan. The Pharmacia A.C. mains power supply (ECPS 
3000/150) was used for constant current power supply. 
Prior to electrophoresis, the glass plates were washed with a detergent rinsed 
with double distilled water, dried and wiped clean with absolute alcohol. 
Electrophoresis was performed in a 10-15% acrylamide gradient slab gel of 
(130 X 138 X Imim) dimension consisting of two sections (i) large pore spacer gel 
in which proteins were stacked (ii) a small pore gel or resolving gel in which 
separation was accomplished. The discontinuous buffer system, introduced by 
Laemmli (1970) for disc gel electrophoresis which was later adopted to slab gels by 
Studier (1973) was employed. 
This system is characterized by a discontinuity in the buffer pH, ionic strength 
and in the pore sizx of the upper spacer gel and lower resolving gel which enhances 
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the separation. Hemoglobin samples having protein concentration of 1 ng/|il were 
applied on the slab gel. 
Electrophoresis was carried out at a constant current of 20 mA for 3-4 hours, 
till the bromophenol blue used as a tracking dye reached within 2-3 cm from the 
bottom of the gel. The slab gel containing two sets of hemoglobin samples was cut 
into half One half was stained overnight for proteins with 0.25% W/V Coomassie 
brilliant blue R-250 dissolved in the fixative solution consisting of 40% methanol/7%) 
acetic acid/water Destaining was done by immersing the gel in the above solvent for 
1 hour and subsequently washing the gel in 10%) acetic acid. The other half was 
stained for hemoglobin with benzidine reagent which was prepared as follows 
A solution of 16 g of sodium acetate in 100 ml of 7% acetic acid was saturated 
with ethylenediamine tetraacetic acid (EDTA). After filtration this solution was 
saturated with benzidine reagent and refiltered. Immediately before use 0.1-0.2 ml 
of 3% hydrogen peroxide was added to 10 ml of benzidine reagent (Ornstein, 1965). 
The hemoglobin bands appeared green or greenish blue which turned brown in about 
twenty four hours. The position of the tracking dye was marked by inserting a black 
nylon bristle into the gel. The relative mobility (Rm) values of the hemoglobin bands 
were calculated from the following equation. 
Distance of protein band migration 
Rm = 
Distance of tracking dye migration 
3.9. SODIUM DODECYL SULFATE POLYACRYLAMIDE GRADIENT 
GEL ELECTROPHORESIS (SDS-PAGGE) 
This method was employed to study the molecular weight, subunit structure and 
purity of the hemoglobin samples. 
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The proteins, when heated in the presence of an anionic detergent- sodium 
dodecyl sulfate and a reducing agent, (2- mercaptoethanoi), are denatured and 
broken into the subunits which are separated according to their molecular mass. 
If the protein is pure, only one band appears in SDS-PAGGE, more than one 
band on the other hand is indicative of impurities. However, proteins having more 
than one subunit type may resolve into multiple bands which are not necessarily an 
indication of the presence of impurities, if this is suspected then there should be a 
rational relationship between intensities of the multiple components. 
SDS-PAGGE was carried out in (130 X 138 X 1mm) slab gels of 10-15% 
acrylamide gradient and 0.1% SDS, for 3-4 hours at 15 mA current per slab gel. The 
apparatuses used were the same as in simple PAGGE. The position of the tracking 
dye bromophenol blue was marked as in PAGGE of hemoglobins in native state. The 
/. hypselobagri hemoglobins I and II (pooled fraction II, and fraction III respectively) 
were also subjected to SDS-PAGGE under non reducing conditions i.e., the 2-
mercaptoethanol was omitted from the SDS-sample buffer. After electrophoresis the 
gel was immersed in fixative solution for at least 10 hours, with several changes of 
fi.xative to remove SDS. Overnight staining was carried out in 0.25% Coomassie blue 
in fixative solution as described for simple PAGGE. Gel was destained by soaking in 
fixative solution for one hour and washing subsequently with several changes of 10% 
acetic acid. 
3.9.1. Preparation of the sample 
The lyophilized hemoglobins of trematodes and their host were dissolved in 2X 
sample buffer consisting of 20% glycerol /O 0625M Tris-HCI pH 6.75/0,4% SDS/ 
10^ 0 . 2-mercaptoethanol/water and 0.002% bromophenol blue (Sigma Technical 
Bulletin No. MSVV-8772). The hemoglobin samples were diluted with equal volume 
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of double distilled water to give 1 mg/ml protein concentration. These were heated 
in boiling water bath for two minutes. 
3.9.2. Preparation of SDS molecular weight markers 
SDS molecular weight markers MW-SDS-70L kit (Dalton Mark VII-L) was obtained 
from Sigma Chemical Company. SDS molecular weight marker kit contained the 
following proteins, which were used to prepare the calibration'curve. 
Proteins Approximate MW 
i. Albumin bovine 
ii. Albumin egg (ovalbumin) 
iii. Glyceraldehyde-3-phosphate 
dehydrogenase, rabbit muscle 
iv. Carbonic anhydrase, bovine erythrocytes 
v. Trypsinogen, bovine pancreas 
(PMSF treated) 
vi. Trypsin inhibitor, soyabean 
vii. a-Lactalbumin, bovine milk 
The contents of the vial of SDS molecular weight markers were reconstituted 
in 1.5 ml of IX sample buffer and incubated at 37°C for two hours prior to 
electrophoresis. Aliquots were stored at -20°C for future use. Ten microliter of 
sample was used. 
3.9.3. Calibration curve for estimation of molecular weights by SDS-PAGGE 
The relative mobility (Rm) of a protein band was determined by dividing the 









by the migration distance of the bromophenol blue tracking dye from the top of the 
separating gel. 
Distance of protein band migration 
Rm = 
Distance of tracking dye migration 
The Rm values (abscissa) are plotted against the known molecular weights 
(ordinate) on semi-logarithmic paper (Fig. 3). The molecular weights of the unknown 
proteins were extrapolated from the calibration curve. 
3.10 ISOELECTRIC FOCUSING (lEF) OF TREMATODE 
HEMOGLOBINS IN POLYACRYLAMIDE TUBE GELS 
Isoelectric focusing involves setting up a pH gradient and allowing the proteins to 
move in an electric field to the point in the system where pH equals their isoelectric 
point. To establish a pH gradient, polymeric butTer compounds which rather resemble 
proteins themselves are used, as they have large numbers of both positive and 
negative charges and possess isoelectric points in the same pH range. Such buffers, 
called ampholytes; also migrate to their isoelectric points, and as there are hundreds 
or even thousands of individual ampholyte species, they spread across the whole gel 
between the cathode contact and the anode contact. After some time of application 
of the current, ampholytes migrate and form a pH gradient; the pH range depends on 
their composition (i.e., the range of isoeleciric points of the ampholytes). Any 
proteins present also move; since they are mostly large molecules they take a little 
longer to reach the isoelectric position. The high resolution of this method is due to 
countering of diffusion, because as soon as a protein molecule dilYuses away from its 
isoelectric zone, it becomes charged and so migrates back again. 
The isoelectric focusing of the hemoglobins was carried out in 7.5% acrylamide 
tube gels (5 X 0.2 cm) contaimng ampholytes of pH range 3-10 (Pharmacia) in 1:16 
• » ' 
Figure 3. Calibration curve for the estimation of molecular mass 
by SDS-PAGGE. The curve is computed as a least 
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dilution (manufacturer's instructions.). Polyacrylamide gel is a useful anti-convective 
medium for lEF experiments and possesses a number of advantages over other forms 
of lEF matrix mediums such as Sephadex columns, density gradient columns, etc. 
Among the major advantages some are the following: 
i. It is much more rapid. 
ii. Only very simple experiment is needed and this can also be used for other gel 
electrophoretic techniques, 
iii. Only small amounts of expensive ampholytes are needed, 
vi. Very small samples consisting of only a few micrograms can be analyzed. 
The pH gradient in the tube gels was established by prefocusing the ampholytes 
at 200V for 15 rtiin, 300V for 30 min and 400Vfor 30 min. Prefocusing removes the 
persulfate salt residues and form a pH gradient. Orthophosphoric acid (H3PO4) 10 
mM was used as anode solution and 20 mM sodium hydroxide (NaOH) as a cathode 
solution. Hemoglobin samples were prepared with 10% glycerol to increase viscosity. 
A solution of 5% glycerol containing 1% carrier ampholyte was overlaid on the 
hemoglobin samples to protect the samples from cathode solution. Final electrofocusing 
of the hemoglobins was performed at 500V for a total of 2500 volthours at 10°C. 
Selective staining for hemoglobins in lEF gels was performed as described for simple 
P AGGE. The isoelectric points (pis) of bands were measured by homogenizing 5mm 
slices of the gels in double distilled water and measuring the pH directly by a pH 
meter. Isoelectric focusing of hemoglobins in denaturing conditions was also performed 
to study the peptide profile and the distribution of the kind of residues inside the 
globular structure of the trematode and of their host hemoglobins. For this purpose 
lyophilized hemoglobins were dissolved at 1 mg/ml concentration in a lysis buffer 
consisting of 9.5M urea, 2% triton X-IOO, 2% ampholyte (3-10 pH) (Pharmacia) and 
50 mM dithiothreitol. The sample application and electrofocusing was similar as 
described for electrofocusing of hemoglobins in native condition. Before staining the 
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gels were immersed in fixative solution consisting of 5% sulfosalicylic acid /10% 
trichloroacetic acid / water for one hour. After fixing the protein bands, the gels were 
immersed in destaining solution of the composition as described previously for half 
an hour to remove the ampholytes. The gels were then laid in the staining solution 
overnight and destained by washing the gels in the solvent described for destaining 
the simple and SDS-PAGGE gels. 
3.11. PEPTIDE MAPPING OF HEMOGLOBINS BY LIMITED 
PROTEOLYSIS (FINGER PRINTING) 
Relationship between proteins cannot be proved unequivocally by electrophoretic 
mobility alone, especially if they are closely related, thus making further analysis 
necessary. A rapid and convenient approach to this, is by peptide mapping of the 
mixture produced by treatment of the proteins with proteolytic enzymes. It consists 
of the partial digestion of proteins by any of the proteolytic enzymes in SDS 
containing buffer which gives a mixture of many peptides with a molecular weight 
sufficiently large for satisfactory separation by SDS-PAGGE. The pattern of bands 
produced is characteristic of the protein and of the proteolytic enzymes used, and is 
highly reproducible. The following method of Cleveland et al., (1977) as described 
by Andrews (1978) was used for the peptide mapping of trematode and their host 
hemoglobins. 
The hemoglobins purified by gel filtration chromatography were dissolved at 
a concentration of 0.5 mg/ml in 0.125M Tris-HCl buffer pH 6.2 containing 0.5% 
SDS/10% glycerol/0.0001% bromophenol blue. The mixture was heated at 100°C for 
two minutes. Proteolytic digestions were performed typically at 37°C for one hour 
with periodic shaking. Papain was used as a proteolytic enzyme. The enzyme to 
substrate ratio was kept at 1:10 W/VV. Extensive fragmentation of the hemoglobins 
was avoided to ensure the reproducibility of the band patterns. After incubation the 
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proteolysis was stopped by adding 2-mercaptoethanol to 10% and SDS to 2% of the 
final concentration and boiling the samples at 100°C for two minutes. Each sample 
was treated identically and simultaneously. The peptide fragments so produced were 
analyzed by 10-15% SDS-PAGGE. About 40|ig of each sample was electrophoresed. 
Washing, staining and destaining was done as described earlier for SDS-PAGGE. 
The peptide band patterns were interpreted quantitatively by the following method 
of Calvert and Gratzer (1978), for expressing the degree of similarity among the 
proteins. The gel containing the peptide band pattern was compared with N contiguous 
equal compartments each of which may contain a peptide band. In comparing two 
patterns, one of m and the other of n bands, distributed among the N compartments 
the probability of any number of coincidences x, is given by 
Px = m! n! (N-m)! (N-n)! / N! x! (m-x)! (n-x)! (N-m-n+x)! 
Px<0.01 was considered as a criterion for valid correlation. 
3.12. PARTIAL AMINO TERMINAL, AMINO ACID 
SEQUENCE ANALYSIS 
The N-terminal amino acid sequence analysis of trematode and of their host 
hemoglobins was carried out to compare their primary structures. The hemoglobins 
were subjected to Edman degradation reaction which is a chemical method for the 
removal of individual amino acids from the N-terminus of a peptide. 
The reactions of Edman degradation are divided into three stages. 
i. Coupling Reactions : In this step the Edman reagent phenylisothiocyanate, 
(PITC) reacts with the amino group of the N-terminal amino acid of the 
polypeptide chain to give the phenylthiocarbamyi (PTC) derivative of the 
peptide. The reaction is carried out in an inert atmosphere of nitrogen at pH 
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9-9.5 (-amino group must be unprotonated for reaction with PITC) at 50°C 
for 20-40 minutes, usually in a volatile buffer. At the end of the coupling 
reaction, volatile buffers and excess PITC are removed under vacuum. The 
PTC derivative is then washed exhaustively with organic solvents, usually 
benzene and ethyl acetate, to extract non volatile buffers (if used) and in 
particular non-volatile side-products-diphenylthiourea and phenylthiourea. 
The washed PTC derivative is finally dried under vacuum. 
ii. The Cleavage Reaction : In this step the dried PTC derivative is treated with 
anhydrous acid (e.g., trifluoroacetic acid or heptafluoro butyric acid) at 50°C 
for 10-15 minutes. This rapid non- hydrolytic step results in the cleavage of 
the PTC-polypeptide at the peptide bond nearest to the PTC substituent, thus 
releasing the original N-terminal amino acid as the 2-anilino-5-thiazolinone 
derivative, leaving the original polypeptide chain less its N-terminal amino 
acid. It is particularly important at this step that no traces of water be present. 
If water is present then the polypeptide chain will be exposed to hydrolytic 
conditions which will cause a small degree of internal cleavages within the 
polypeptide chain. Such newly liberated N-terminal groups have the 
disadvantageous effect of increasing the general background at the final 
analysis stage. Following the cleavage reaction the anhydrous acid is removed 
under vacuum and the thiazoline derivative extracted from the remaining 
peptide with an organic solvent (e.g., butyl acetate, butyl chloride), and 
recovered by removal of the organic solvent under a stream of nitrogen. 
iii The Coniversion Reaction : Since the thiazoline is a derivative of the N-
terminal amino acid it may in principle, be used for identification. However, 
in practice this is not done, since the thiazolinones are relatively unstable, A 
more stable derivative is obtained by con\erting the thiazoline to the isomeric 
3-phenyl-2-thiohydantion (PTH) derivative. 
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The remaining polypeptide chain is subjected to further cycles of the Edman 
degradation. At the end of each cycle a PTH amino acid is recovered and identified. 
In this way the amino acid sequence of polypeptide chain is determined. 
The purified hemoglobins of trematodes and their hosts were subjected to 
SDS-PAGGE in 10% acrylamide slab gel of the dimension as described earlier. The 
buffer system of Schagger and von Jagow, (1987) consisting of 0.2M Tris-HCl, pH-
8.9 as anode buffer and O.lMTris-tricine, pH-8.25 with 0.1% SDS as cathode buffer 
were used. The Tris-tricine buffer system was used to eliminate possible contamination 
of glycine amino acid. Further this buffer system has much improved resolution 
capacity especially for low molecular weight proteins than Tris-glycine buffer system 
ofLaemmli (1970). Hemoglobin samples were loaded at a concentration of 20-30 |ig 
on slab gel apparatus as already described. Electrophoresis was performed at 20 mA 
constant current. For maximum separation the tracking dye was allowed to reach 
within 1 cm to the bottom of the gel. After electrophoresis the resolved protein bands 
were electroblotted on to a polyvinylidene difluoride (PVDF) membrane (Millipore 
Corp.,) following the method of Matsudaira (1987) with slight modifications. The gel 
was soaked in transfer buffer consisting of 10 mM 3-[cyclohexylamino]-l-propane 
sulfonic acid (CAPS) in 10% methanol, pH 11.0 for 5 min. The transblot sandwich 
was assembled in the Western blotting apparatus in the following order, from the 
anode side: sponge, filter paper, two sheets of PVDF membrane which had been 
soaked in 100%) methanol and stored in the transfer buffer, gel slice, filter paper and 
sponge. Electrobiotting was carried out at 50V and 150 mA for 30 min. The blotted 
PVDF membrane was removed, rinsed with distilled water, placed in 100?'o methanol 
for a few seconds and stained with 0.1% Coomassie blue R-250 in 40%) methanol / 
1% acetic acid with constant shaking. The blotted bands appeared within one minute. 
Destaining was performed in 50%) methanol. The destained membrane was rinsed 
with distilled water and dried. 
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3.12.1. Sequence determination 
Sequence analj'sis via automated Edman degradation, was performed using a Beckmen 
890M Spinning cup sequencer and/or Applied Biosystems 470A gas phase sequencer 
equipped with a 120 A PTH-analyzer. In liquid-phase sequencer, a thin film of protein 
in a spinning cylindrical cup is subjected to the Edman degradation. The reagents and 
extracting solvents are passed over the immobilized film of protein, and the released 
PTH-amino acid is identified by high-performance liquid chromatography (HPLC). 
One cycle of the Edman degradation is carried out in less than two hours. By repeated 
degradations, the amino acid sequence of some fifty residues in a protein can be 
determined. The recently devised gas-phase sequencer can analyze picomole quantities 
of peptides and proteins. This high sensitivity makes it feasible to analyze the 
sequence of a protein sample eluted from a single band of an SDS-polyacrylamide gel. 
The stained, excised bands obtained by electroblotting as described above, 
were loaded on to the sequencer blot cartridge for microsequencing in a model 475 A 
protein/peptide sequencer (Applied Biosystems) with an on -line Model 900 data 
processor. ThePTH derivatives of the amino acids obtained from the sequencer were 
identified using Cjg reversed phase chromatography (Zimmerman et al., 1977). 
3.13. OXYGEN AFFINITY OF TREMATODE HEMOGLOBINS 
The oxygen affinity of any respiratory pigment is an important parameter for its 
characterization. The oxygen affinity of the trematode hemoglobins was measured 
polarographically according to the method described by Longmuir and Chow (1970). 
The polarographic method of analysis is based on the current voltage curves arising 
at a microelectrode when diffusion is the rate-determining stage in the discharge of 
ions. The conditions are those resulting in concentration overpotential. Quantitative 
and qualitative analysis of substances are possible if the substance in question is 
capable of undergoing cathodic reduction or anodic oxidation. Substances present in 
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concentrations ranging from 10'^ to O.OIM can be determined. A poiarographic cell 
(Fig. 4) as described by Longmuir and Chow (1970) was used. It consists of a water 
jacketed cell of 7 ml capacity with an inlet and outlet for water circulation. A Clark's 
electrode (Yellow Springs Instruments Incorp.) a thermometer, palladium cathode 
and platinum anode were inserted into the cell through a rubber bung which made the 
cell airtight. A magnetic bar was placed in the cell to mix the oxygen uniformly in the 
hemoglobin solution. The assembled cell was placed on a magnetic stirrer capable of 
rotating the magnetic bar at 2500 rpm. Oxygen in the cell was generated by 
electrolyzing the buffer used as supporting medium. The constant current/voltage/ 
power supply (Pharmacia ECPS 3000/150) was used to pass constant current for the 
electrolysis of vv^ater. The length of the platinum wire used as the oxygen-generating 
anode is not very critical, but if it is less than 1 cm, oxygen bubbles may be formed 
on it. The length of the palladium wire cathode, however is critical since there is a 
limit to the rate at which hydrogen can be taken up by this metal. In practice it was 
found that 1 cm of I mm diameter wire could be used for each milliampere of current 
passing. A length of about 10 cm was used. Problem does occur with palladium 
electrode when it absorbs appreciable amount of hydrogen, that reacts with oxygen 
in solution. However, this can be overcome with a coat of collodion of suitable 
thickness. Palladium will absorb about 600 times its own volume of hydrogen, but it 
is best to replace this electrode daily to avoid any possibility of saturation. After 
exposure to the atmosphere for two weeks all the hydrogen is lost and the electrode 
can be reused. 
A supporting solution consisting of 0.2M phosphate buffer pH 7.4 was used 
to dissolve hemoglobin and to produce oxygen in stoichiometric amounts. 
A heart muscle preparation was used to deoxygenate the hemoglobin solution 
and were prepared after the method ofKeilinandHartree (1938). The wall of the left 
ventricle of water buffalo was freed of fat and fibrous tissue, minced and washed by 
stirring in five liters of tap water for about 6 min. After this it was squeezed through 
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FIG.4 . Diagram of cell. I : water-jacketed vessel; 2 : s t i r rer bar 
3 : magnetic st irrer; 4 : rubber bung; 5 : Clark electrode; 
6 : Pd cathode; 7 : Pt anode; 8 and 9 : inlet and outlet tubes. 
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muslin, and the washing process repeated at least 10 times. Careful washing is 
essential, possibly because it removes some oxidase system with a low affinity for 
oxygen. The mince was suspended in 0.2M phosphate buffer pH 7.4 at 1°C and 
macerated in a blender for 3 min. The large particles were spun off at 2,000 g and the 
active particles were brought down by spinning for 45 min at 13,000 g in a 
refrigerated centrifuge. The respiring particles were then resuspended in a small 
quantity of the same buffer and frozen. The material was divided into small quantities 
before freezing since once thawed subsequent refreezing raises the critical oxygen 
tension. All the operations were conducted swiftly as any delay or deviation from the 
method resulted in an inferior preparation. This preparation readily catalyzed the 
oxidation of succinate by oxygen without the evolution of carbon dioxide. 
The cell was filled with the supporting buffer plus the approximate amount of 
heart muscle preparation and hemoglobin solution. The rubber bung along with the 
electrodes and thermometer was tightly fixed on the cell to make it airtight. The 
temperature of the cell was maintained at 37°C by circulating water of the same 
temperature through an automatic liquid thermostated circulator (MLW series ,8210 
Freital). The oxygen concentration in terms of percent saturation was monitored by 
a biological oxygen monitor (Yellow Springs Instruments). When all the oxygen was 
consumed from the hemoglobin buffer mixture by heart muscle preparation, 0.6 ml 
oxygen free 0.5M oxaloacetic acid solution was added to inhibit the activity of the 
heart muscle preparation. Oxygen was then generated by electrolysis, by passing 
constant current in the solution intermittently by switching on the power supply for 
a set period of time and then switching it off for a time period sufficient for the oxygen 
electrode to respond. The partial pressure of oxygen produced by electrolysis was 
estimated by calculating the mass of oxygen liberated by passing a known amount of 
current for a known period of time which is according to Faraday's first law of 
electrolysis i.e., "The weight of an ion liberated during electrolysis is proportional 
to the quantity of electricity passed". W=ct, where c= strength of the current in 
amperes, t=time in sec for which current was passed. From the mass of the oxygon 
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gas deposited, the force exerted by the gas was calculated by applying Newton's 
second law i.e., "Rate of change of momentum of matter is directly proportional to 
the impressed force and takes place in the direction of the force". 
F= m.a 
Finally the pressure exerted by the gas was calculated by dividing the force (F) 
by the area (A) of the cell (P=F/A) in which the gas was produced by electrolysis. The 
oxygen affmity curve was plotted manually on a semi logarithmic paper. 
3.13.1. Correction for oxygen in physical solution 
When the p02 of the solution is sufficiently high the hemoglobin will be fully 
saturated and any further additions of oxygen will raise the/?02 linearly. This linear 
rise in tension can be used to correct for oxygen in physical solution by constructing 
a line parallel to it going through the origin. This line represents the rise in/'02 which 
would have occurred, had there been no reaction between hemoglobin and oxygen. 
This line and the experimental curve will be a measure of the percentage saturation. 
The oxygen tension at half saturation, P30 is the value indicative of the oxygen 
affmity. The P50 values were calculated by drawing a tangent on the point at which 
hundred percent saturation had occurred, this tangent was extended backwards 
beyond the Y axis, the half distance between the intercept made by the tangent and 
the origin of the curve indicates half saturation i.e., the partial pressure at which half 
saturation occurs was extrapolated from the X axis. The Hill coefficient 'n' which 
indicates the degree of cooperativity among the subunits of a hemoglobin molecule 
was calculated from the following equation. 
log (Y) / (1-Y) = n log PO2 - n log P 50 
4. RESULTS 
4.1. PURIFICATION OF TREMATODE HEMOGLOBINS 
The results of the purification of trematode hemoglobins are shown in Tables 1 to 
4. Ammonium sulfate precipitation resulted in 2.01; 3.93, 3.02; and 2.48 fold 
purification of G. crumenifer; P. epiclitum; E. explanatum and /. hypselobagri 
hemoglobins respectively. These values are based on A4I2/A280 ratio monitored at 
each stage as a parameter for the degree of purification. Sephadex G-75 gel filtration 
chromatography of these hemoglobins resulted in further purification. The G. 
crumenifer hemoglobin fraction resolved into three peaks (Fig. 5) of 0.430; 2.594 
and 2.862 A412/A280 ratios. The peak fractions with 2.594 and 2.862 A412/A280 
ratios were considered as hemoglobin fractions and designated as hemoglobin I and 
II of G. crumenifer. P. epiclitum hemoglobin fraction resulted into three peaks (Fig. 
6) only two peaks gave significant absorbance at 412 nm and their A412/A280 ratios 
were 0.291 and 2.796. E. explanatum hemoglobin fraction, precipitated by 95% 
ammonium sulfate saturation, resolved into three fractions (Fig. 7) after gel filtration 
chromatography, onlytwo fractions showed absorbance at 412nm. Their A412/A280 
ratios are 0.269 and 1.351. /. hypselobagri hemoglobin fraction resulted into two 
fractions (Fig. 8a) both of which gave absorbance at 412nm.. Their A412/A280 ratios 
are 0.29 and 3.75. The gel filtration chromatography of partially purified hemoglobin 
of/, hypselobagri, stored at -20°C for 4-8 weeks resulted in separation of a minor 
fraction giving a A412/A280 ratio of 1 (Fig. 8b) and was designated as hemoglobin 
I and the major hemoglobin fraction was designated as hemoglobin II. When again 
subjected to gel filtration chromatography on Sephadex G-75 column each fraction 
showed a single peak. 
The peak fractions having A412/A280 ratios lower than 1 were considered as 
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Table - 1. Purification of Gastrothylax crumenifer hemoglobin 
Fraction A412/A280 Fold Purification 
Homogenate 0.758 
70% Ammonium sulfate 1.272 1.678 
saturation 
95% Ammonium sulfate 1.531 2.019 
saturation 
*Fraction I obtained by 0.430 0.567 
Sephadex G-75 gel 
filtration 
Fraction II obtained by 2.594 3.422 
Sephadex G-75 gel 
filtration 
Fraction III obtained by 2.862 3.775 
Sephadex G-75 gel 
filtration 
* Protein impurity not related to hemoglobin 
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Table - 2. Purification of Explanatum explanatum hemoglobin 
Fraction A412/A280 Fold Purification 
Homogenate 0.235 
70% Ammonium sulfate 0.306 1.302 
saturation 
95% Ammonium sulfate 0.710 3 021 
saturation 
*Fraction I obtained by 0.269 1.144 
Sephadex G-75 gel 
filtration 
Fraction II obtained by 1.351 5 748 
Sephadex G-75 gel 
filtration 
* Protein impurity not related to hemoglobin 
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Table - 3. Purification of Paramphistomum epiclitum hemoglobin 
Fraction A412/A280 Fold Purification 
Homogenate 0.420 
70% Ammonium sulfate 0.759 1.80 
saturation 
95% Ammonium sulfate 1.654 3.93 
saturation 
•Fraction I obtained by 0.291 0.692 
Sephadex G-75 gel 
filtration 
Fraction II obtained by 2.796 6,657 
Sephadex G-75 gel 
filtration 
Protein impurity not related to hemoglobin 
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Table - 4. Purification of Isoparorchis hypselobagri hemoglobin 
Fraction A412/A280 Fold Purification 
Homogenate 0.677 
70% Ammonium sulfate 0.950 1.40 
saturation 
95% Ammonium sulfate 1.683 2.48 
saturation 
*Fraction I obtained by 0.29 0.42 
Sephadex G-75 gel 
filtration 
Fraction II obtained by 1 1.43 
Sephadex G-75 gel 
filtration 
Fraction III obtained by 3.57 5.27 
Sephadex G-75 gel 
filtration 
* Protein impurity not related to hemoglobin 
Figure 5. Elution profile of Gastrothylax criimenifer proteins 
firecipitated at 95*70 ammonium sulfate saturation using 














Figure 6. Elution profile oi Paramphistomum epiclhiim proteins 
precipitated at 9SV« ammonium sulfate saturation using 

















Figure 7. Elution profile of Explanatiim explanatum proteins 
precipitated at 95% ammonium sulfate saturation using 





< OQ CO O QC CQ < Z O lU 
Figure 8a. Elution profile of freshly precipitated proteins of 
Isoparorchis hypselobagri at 95% ammonium sulfate 






Figure 8b. Elution profile of hoparorcJiis hypselobagri proteins 
precipitated at 95% ammonium sulfate saturation and 
stored in cold for several weeks, using Sephadex G-75 
column matrix. 
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protein impurities, not related to the hemoglobins, while fractions having A412/ 
A280 ratios of 1 and above were taken as hemoglobin fractions and were subsequently 
used in further analyses. 
The molecular mass of all trematode hemoglobin fractions are found to be 
about 17 kDa except G. crumenifer hemoglobin I and the minor fraction of/. 
hypselobagri hemoglobin I which were both 35 kDa. The conversion of G. 
crumenifer and /. hypselobagri oxyhemoglobins I to methemoglobins by the addition 
of K3 Fe(CN)g resulted in the elution of these hemoglobins to an elution volume 
corresponding to the molecular weights of 17 kDa. 
4.2. REVERSED PHASE CHROMATOGRAPHY 
As a result of reversed phase chromatography the buffalo hemoglobin resolved into 
two peaks of equal intensity. G. crumenifer hemoglobin I and II and P. epiclitum 
hemoglobins showed single peaks. However, /. hypselobagri hemoglobin II 
resolved into tv/o peaks which were designated as 'b' and 'c ' (Fig. 9). 
4.3. ABSORPTION MAXIMA 
The results of absorption maxima of trematode and of their host oxyhemoglobins are 
summarized in Table 5. All the hemoglobins showed peaks in the soret. beta and 
alpha band regions, characteristic of typical hemoglobins. The beta peak of all 
trematode hemoglobins in this study has been found to be higher than the alpha peak. 
The ratio ofabsorption intensity ofbeta peak to alpha peak for 5. bubalismd IV. attu 
hemoglobins are 1.06 and 1.05 respectively which are typical of vertebrate 
hemoglobins. For G. crumenifer hemoglobin I and II, E. explanatum hemoglobin P. 
epiclitum hemoglobin and /. hypselobagri hemoglobin I and II these ratios are 1.13, 
1.12, 1.10, 1.10, 1.0 and 1.14 respectively. However. /. hypselobagri Hbl did not 
give absorbancc peak in alpha band region. 
Figure 9. Reversed phase liquid chromatography of reduced, 
carboxymethylated, peaks B (top trace) and C (lower 
trace) of Isoparorchis hypselobagri hemoglobin isolated 
by gel filtration, on a Cg column using a gradient of 
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Table - 5. Absorption maxima of trematode and their host hemoglobins 
Hemoglobin Soret beta alpha A beta/A alpha 
nm nm nm 
G. crumenifer lihl 410 
G. crumefiifer iihll All 
E. explanatum 410 
P. epiclitum 412 
I. hypselobagri Ebl 410 
I. hypselobagri UhU 410 
W. attu 412 


























4.4. HEME CONTENT 
The heme contents of G. crumenifer hemoglobin I and II, P. epiclitum, E. explanatum 
and their host B. buhalis hemoglobin are 2.66, 2.94, 1.47 , 1.39 and 2.74%W/W 
respectively. The heme content of/, hypselobagri hemoglobin I and II and its host 
W. attu hemoglobin are 1.00, 3.62 and 2.38 respectively. 
4.5. POLYACRYLAMIDE GRADIENT GEL ELECTROPHORESIS 
(PAGGE) 
Polyacrylamide gradient gel electrophoresis of hemoglobins was performed in native 
state to compare the band pattern and relative mobilities of trematodes and their 
hosts' hemoglobins. The electrophoretic patterns of these hemoglobins are shown in 
Fig. 10. The comparison of the hemoglobin banding patterns stained with benzidine 
reagent and Coomassie brilliant blue was made to assess the homogeneity of the 
hemoglobin preparation and to indicate if any hemoglobin was also a major protein 
fraction. The gel stained by benzidine reagent showed a single band for P. epiclitum 
hemoglobin; two bands for E. explanatum hemoglobin; a single band for G. 
crumenifer hemoglobin I and at least three prominent bands for G. crumenifer 
hemoglobin II. The host, B. bubalis hemoglobin showed three closely placed bands 
of equal intensity. The relative mobilities of these bands are shown in Table 6. The 
Coomassie blue staining of hemoglobin, resolved by simple PAGGE, showed at least 
six bands in P. epiclitum seven in E. explanatum, one in B. bubalis hemoglobin. 
These bands are of different electrophoretic mobilities. 
P. epiclitum hemoglobin band 1, lane 'a' stained more intensely with 
benzidine reagent than Coomassie blue. There are other faint bands which did not 
stain with Coomassie blue. E. explanatum hemoglobin, lane 'b' shows two bands in 
benzidine stained gels which are also stained with approximately equal intensity with 
Coomassie blue, other minor bands stained faintly with benzidine and showed slightly 
Figure 10. PAGGE (10-15%) of trematode hemoglobins in native 
state, stained with (A) Benzidine reagent and (B) 
Coomassie blue. Lane (a) Bubalus bubaliSy (b) 
Gastrothylax crumenifer Hbl l , (c) Gastrothylax 
crumenifer Hbl and (d) Explanatum explanatum 
(e) Paramphistomum epiclitum. 
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Table - 6. The Rm values of hemoglobin bands of trematodes and their hosts 
Trematode / Hosts Lane Band numbers from anodic end 




0.318 0.186 0.087 






cumenifer, Hb I 
Gastrothylax 








greater intensity with Coomassie blue. The only band of hemoglobin I of G. 
crumenifer in lane 'c' has approximately the same intensity of staining by benzidine 
and Coomassie blue. The hemoglobin II of G. cnimenifer, lane 'd' resolves into at 
least three bands, while two additional bands also appear with Coomassie blue 
staining. The buffalo hemoglobin in lane 'e' is resolved into three sharp and closely 
placed bands, both with benzidine as well as Coomassie blue staining. 
4.6. SODIUM DODECYL SULFATE POLYACRYLAMIDE GRADIENT 
GEL ELECTROPHORESIS (SDS-PAGGE) 
The results of sodium dodecyl sulfate polyacr>'lamide gradient gel electrophoresis 
under reducing conditions are shown in Fig. 11. All the trematode hemoglobins 
except G. crumenifer hemoglobin I appears as a single band with relative mobility 
corresponding to a molecular mass of about 17 kDa. The relative mobilities of the 
trematode hemoglobins are clearly different from their host hemoglobins. G. 
crumenifer hemoglobin I shows two bands of 16 IcDa and 13 IcDa on SDS-PAGGE 
under reducing conditions. 
The non reduced and reduced SDS-PAGGE patterns of/, hypselobagri and 
its host hemoglobins are shown in Figs. 12A and 12B respectively. /. hypselobagri 
hemoglobin I appears as a 35 kDa band and the hemoglobin II as a 17 kDa band in 
non-reduced SDS-PAGGE. However, the 35 kDa hemoglobin I resolved into a single 
band of 17 kDa under reducing conditions. 
The above results indicate that hemoglobins of G. crumenifer, I. hypselobagri 
Hb II, P. epiclitum and E. cxplanatum are all monomers and their preparation is 
homogenous. However appearance of two bands in G. crumenifer hemoglobin I point 
towards the possibility of dimerization of two polypeptide chains of 16 kDa and 14 
kDa. Similarly /. hypselobagri hemoglobin I appears to be a dimer of two globin 
chains of 17 kDa each. 
Figure 11. SDS-PAGGE (10-15%) of the reduced hemoglobins. Lane 
(a) Wallago attii, (b)^ Isoparorchis hypselobagri, 
(c) Paramphistomiim epiclitum, (d) Gastrothylax 
cnimenifer Hbl, (e) Gastrothylax crumenifer Hbll, 
(f) Explanatiim explanatiim, (g) Bubaliis biibalis. 
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Figure 12A. FPLC elution profiles, A28O ^^ ^ function of the elution 
volune, of the 35 kDa and 17 kDa peaks, B and C, isolated by gc 1 
filtration of Isoparorchxs hypselobagri wnich has been stored m the 
cold for several \veeks, using a 1 x 30 cm column of Sepharose S12. Thr 
inset at tne top shows the SDS PAGE patterns of unreduced, (a) Wallagu 
attu hemoglobin, (b) Isoparorchis hypselocagri hemoglobin, (c) peak B 
and (d) , peak C. The inset at the bottom shows the SDS PAGE pattern of 
reduced, (a) Wallagu attu hemoglobin, (b) Isoparorchis hypselobagri 
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figure 12B. FPLC elution profiles, A280 ^^ a function of the elution 
volume, of the 3 5 kDa and 17 kDa peaks, B and C, isolated by gel 
filtration of Isoparorchis hypselobagri which has been stored in the 
cold for several weeks, using a 1 x 30 cm column of Sepharose S12. The 
inset at the top shows the SDS PAGE patterns of unreduced, (a) Wallagu 
attu hemoglobin, (b) Isoparorchis hypselobagri hemoglobin, (c) peak B 
and (d) , peak C. The inset at the bottom shows the SDS PAGE pattern of 
reduced, (a) fv^ allagu attu hemoglobin, (b) Isoparorchis hypselobagri 
hemoglobin, (c) peak B and (d), peak C. 
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4.7. ISOELECTRIC FOCUSING (lEF) IN POLYACRYLAMIDE 
TUBE GELS 
E. explanatum 
The lEF patterns of trematode hemoglobins are shown in Fig. 13. The pis of/G. 
crumenifer Hb I and Hb II and /. hypselobagri hemoglobin are found to be 6.6; 7.6; 
6.3 and 4.17 respectively. The P. epiclitum hemoglobin resolves into two bands at 
pis 7 and 7.3, indicating the presence of two isoelectrically different hemoglobins in 
this trematode. 
The isoelectric focusing of hemoglobins in the presence of urea, and non-ionic 
detergent Triton X-100 and dithiothreitol shows series of multiple sharp bands 
spread throughout the length of the polyacrylamide tube gels (Fig. 14). The majority 
of peptide bands ofW. attu hemoglobin are in the alkaline region, while its trematode 
/. hypselobagri hemoglobin bands are spread all along the length of the gel G. 
crtimenifer shows two major bands in alkaline region and one major band in acidic 
region. E. explanatum and P. epiclitum hemoglobins show major bands in acidic 
region while minor hemoglobin bands also appear in the alkaline region. The host B. 
bubalis shows majority of hemoglobin bands in the alkaline region of the gel. 
4.8. PEPTIDE MAPPING BY LIMITED PROTEOLYSIS 
(FINGER PRINTING) 
The peptide pattern of hemoglobins produced after the digestion by papain, separated 
on SDS-PAGGE is shown in Fig. 15. Each of the obtained band does not represent 
one single fragment type, but rather a population of related fragment types with 
similar molecular weights. The peptide maps of hemoglobins were interpreted by the 
method of Calvert and Gratzer (1978), for expressing the degree of similarity among 
proteins, as described in materials and methods section. 
A correlation between the relatiNe mobiiitics of the peptide bands was made 
Figure 13. lEF pattern of hemoglobins, stained with benzidine 
reagent, (a) Explanatum explanatiim, (b) Gastrothylax 
crumenifer Hbl, (c) Gastrothylax criimenifer Hbll, 






Figure 14. lEF pattern of hemoglobins in the presence of urea, 
Triton X-100 and dithiothreitol. (a) Gastrothylax 
crumenifer Hbl, (b) Gastrothylax crumenifer Hbll, 
(c) Paramphistomum epiclitum, (d) Explanatiim 
explanatum, (e) Biibalns bubalis, (f) hoparorchis 
hypselobagri, (g) Wallago attii. 
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Figure 15. Papain digested peptide profile of the hemoglobins on 
10-15% SDS-PAGGE: (a) Wallago attu, {h)Isoparorchis 
hypselobagri, (c) Paramphistomum epiclitum^ 
(d) Gastrothylax crumenifer Hbl, (e) Gastrothylax 
crumenifer Hbll, (f) Bubalus bubalis, (g) Explanatum 
explanatum. 
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and probability of coincidences of bands of identical relative mobilities was calculated. 
Px<0.01 was considered as a criterion for valid correlation. 'N' the number of 
contiguous equal compartments in gel is 134 (taking the resolution between any two 
adjacent bands as 0.5 mm). A cross comparison of the Px values of peptides of 
trematodes and their host hemoglobins is shown in Fig. 16. 
Px values of P. epiclitum vs I. hypselobagri; G. crumenifer Hbl vs I. 
hypselobagriBh; P. epiclitum vsB. bubalis and W. attu vs I. hypselobagri indicate 
some homology in the primary structure while all other hemoglobins appear to have 
entirely different amino acid sequences. 
4.9. PARTIAL N-TERMINAL AMINO ACID SEQUENCE ANALYSIS 
OF THE HEMOGLOBINS 
The results of the partial N-terminal amino acid sequence analyses of the trematodes 
and their host hemoglobins are shown in Fig. 17. G. crumenifer hemoglobin II and 
E. explanatum hemoglobin were found to have blocked N-terminais i.e., in these 
hemoglobins the N-terminal residues were unreactive in the Edman degradation, 
being unable to couple with phenylisothiocyanate. All other trematode and their host 
hemoglobins showed a clean sequence. N-terminal amino acid sequence of the B. 
bubalis hemoglobin was identical to the bovine hemoglobins as described by 
Kleinschmidt and Sgouros (1987). 
The N-terminal sequences of trematode hemoglobins are different among 
each other and from their respective host hemoglobins. Thus, the trematode 
hemoglobins appear to be endogenous. 
The eight N-terminal amino acid residues of 5. bubalis hemoglobin alpha 
chain do not show any sequence similarity with G. crumenifer hemoglobin I and /-*. 
epiclitum hemoglobin. B. bubalis hemoglobin beta chain has 12.5% amino acid 
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crumenifer hemoglobin I in eight amino acid overlap. G. cnimenifer hemoglobin I 
also does not show any sequence similarity with hemoglobin of/*, epiclitum and /. 
hypselobagri, however 37.5% homology is observed with Dicrocoelium dendritictim 
hemoglobin in 15 amino acid overlap. The N-terminal amino acid sequence of Z). 
i/e«c?r///cw;w hemoglobin has been reported by Kunz( 1975). P. e/j/c/Z/w/w hemoglobin 
shows 60% and 13.3% amino acid sequence identity with /. hypselobagri and D. 
dendriticum hemoglobin respectively in 15 amino acid residue overlap. The 
hemoglobins of/, hypselobagri and its host W. attu show no significant homology 
in 15 N-terminal amino acid residue overlap. 
4.10. OXYGEN AFFINITIES OF TREMATODE HEMOGLOBINS 
The oxygen affinities of the trematode hemoglobins in vitro expressed in terms of 
oxygen partial pressure at which 50% hemoglobins sites are saturated with oxygen 
(P50 values) are summarized in Table 7. All of the trematode hemoglobins have been 
found to show higher oxygen affinity than their respective host hemoglobins. There 
is no significant difference in the oxygen affinities among different trematode 
hemoglobins. The second observation is that the oxygen affinity curves of all 
trematode hemoglobins are rectangular hyperbolic (Figs. 18A, B, C, D, E) as that 
of other monoheme pigments, such as myoglobins. The Hill coefficient (n) values 
which indicate the cooperativity or the degree of heme-heme interaction in 
hemoglobins, are summarized in Table 7. The 'n' values for all trematode hemoglobins 
are found to be 1 indicating that there is absence of heme-heme interaction. 
75 
Table - 7. Oxygen affinities of trematode hemoglobins 
Trematode Pen (mmHg) Hill constant (n) 
G. crumenifer Hb I 
G. crumenifer Hb II 
E. expalanatum 
P. epiclitum 
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5. DISCUSSION 
5.1. PURIFICATION OF TREMATODE HEMOGLOBINS 
The hemoglobin in trematodes is present in the body tissues. It was purified by 
precipitating the proteins from whole animal cell lysate by ammonium sulfate 
saturation up to 95% in two broad cuts. The partially purified trematode hemoglobins 
were further purified by gel filtration chromatography over Sephadex G-75 . The 
degree of purification of hemoglobins in these fractions was judged by A412/A280 
ratios. 
The rechromatography of the hemoglobin peak fractions did not further purify 
the hemoglobins. Different levels of purification obtained in different trematode 
hemoglobins as shown in the hemoglobin purification Table 1 to 4, could be due to 
different protein content in the trematodes of various genera. Haque and Siddiqi 
(1982) have reported different protein content from seven different trematodes of 
various habitats, including four trematodes under present study, von Brand (1973) 
pointed out that the total proteins, determined from the total nitrogen content, vary 
from parasite to parasite and even in the same species of different age or in the 
different parts of the same species. It is the difference in the protein composition and 
content of different trematodes that leads to different levels of purification of 
trematode hemoglobin. 
The homogeneity of the trematode hemoglobin preparation were assessed by 
comparing the simple PAGGE patterns of hemoglobins stained by benzidine reagent 
and Coomassie blue. 
The appearance of single bands of trematodes and their host hemoglobins by 
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SDS-PAGGE is also an indication of homogenous hemoglobin preparations. 
Often difficulties were experienced in obtaining clear electrophoretic pattern 
in SDS-PAGGE system, of hemoglobins which were purified without the addition of 
proteolytic enzyme inhibitors. However, reasonably improved results were obtained 
when 1 mM phenylmethylsulfonyl fluoride (PMSF) and 5 mM ethylenediamine 
tetraacetic acid (EDTA) were added before homogenizing the parasites. 
The proteinases responsible for the obscurity of SDS-PAGGE patterns of 
trematode hemoglobins were assumed to be either serine esterases, thiol proteases 
or some carboxy peptidases because these are inhibited by PMSF or metalloproteinases 
which are inhibited by EDTA. 
It was observed that if the trematodes were homogenized for 
longer periods, the lipids in the homogenate interfered with the successive purification 
steps. 
Methemoglobin formation reveals another surprising behavior of G. crumenifer 
and /. hypselobagri hemoglobin L When these hemoglobins are oxidized, their 
dimeric form is monomerized almost entirely. However, in G. crumenifer another 
small high molecular weight fraction is also generated. In contrast to slow auto-
oxidation (which favors aggregation), the rapid methemoglobin formation brings 
two intrachain sulfhydryl (-SH) groups of the polypeptide chain close enough 
together to generate a disulfide bond (-S-S). This molecular rearrangement weakens 
the normal interchain interactions, causing them to dissociate into monomers. This 
unique methemoglobin dependent monomerization was reported for the first time in 
Anadara ovalis {difxih) hemoglobin byBorgese<^/a/., (1987). The hemoglobins I and 
II of/, hypselobagri and G. crumenifer appear as single peaks at elution volumes 
corresponding to 35 and 17 kOa after rechromatography over Sephadex G-75 
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column. Indicating that no reequilibrium occurs in either hemoglobins, this suggests 
that a dimerization occurs through covalent bond formation and not through self 
association. 
Ion exchange chromatography of trematode hemoglobins did not result in 
further purification. Other workers like Cain (1969b) have also reported that 
rechromatography of the Fasciolopsis biiski hemoglobin obtained by gel filtration 
chromatography over Sephadex G-lOO did not give any improvement in the degree 
of purification, nor did ion exchange chromatography on diethylaminoethyl (DEAE) 
Sephadex A-50. Instead the latter procedure reduced the electrophoretic mobility of 
hemoglobin in acrylamide gels, presumably by altering the size and or charge of the 
pigment and at least three other proteins. Tuchschmid et al, (1978) purified the 
Dicrocoelium dendriticiim hemoglobin by pelleting the proteins from the homogenate 
by ultracentrifugation at 100,000 g for 120 min., the clear supernatant was further 
fractionated over Sephadex G-lOO gel filtration column. However in the present 
study such procedure did not give superior purification of hemoglobins. Smith etal. 
(1986) purified D. dendriticiim hemoglobin by precipitating the proteins with 50"o 
ammonium sulfate saturation of the homogenate, clarified by ultracentrifugation ai 
1,00,000 g and then the supernatant was fractionated by Sephadex G-lOO gei 
filtration column chromatography. This led to a detection of a minor third component 
Also, two minor non-hemoglobin contaminating proteins of molecular mass of about 
30 kDa and 60 kDa, were separated from partially purified D. dendriticum hemoglobin 
(MW 17 kDa) on the same column. They could not be separated from Z). dendriticum 
hemoglobin afterwards in the ion exchange step. Lecomte et al, (1987) purified D. 
dendriticum hemoglobin by the method of Smit et al, (1986) for nuclear magnetic 
resonance (NMR) studies of the heme cavity. However, these workers did not add 
the PMSF and EDTA as proteolytic enzyme inhibitors nor did they monitor the 
degree of purification at each step. Cain (19o9b) purified F. huski hemoglobin by 
precipitating the proteins at 1S% ammonium sulfate saturation and then the hemoglobin 
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containing fraction was precipitated at 95% saturation. Final purification was 
performed by preparative disc gel electrophoresis which finally yielded a five fold 
purification. In the present study the ammonium sulfate fraction combined with gel 
filtration chromatography also yielded almost the same degree of purification. 
Attempt for partial purification of Ascaris perienteric fluid hemoglobin was 
first reported by Davenport (1949), Further purifications were made by Hamada et 
al, (1963) and Smith and Morrison, (1963), but full purity of the protein was not 
attained in either of these studies. Wittenberg et al, (1965a) purified Ascaris 
perienteric fluid hemoglobin by ammonium sulfate fractionation up to 73% saturation, 
and by employing ion exchange chromatography they obtained a 94% pure pigment. 
No further improvement in final purification was obtained by additional procedures 
tried, including gel filtration on Sephadex G-lOO and G-200 or Amberlite IRC-50 
column chromatography. 
5.2. ABSORPTION MAXIMA 
For heme proteins absorption of light occurs in two main regions, between 400 and 
450 nm and betv/een 500 and 600 nm. The former is generally referred to as the soret 
region which is due to the presence of heme group. The latter is spoken of as the beta 
region which is due to the valency of the iron. Oxyhemoglobins also show a peak 
maxima at about 580 nm which is due to the ligand bound to the heme group, which 
is called as alpha region. In addition to visible region, there is ultraviolet absorption 
below 400 nm partly due to the heme group and partly to the aromatic amino acids 
(tryptophan, tyrosine and phenylalanine) with a maximum at about 280 nm. This peak 
and the more intense absorption at still lower wavelengths are characteristic of 
proteins in general. Hemoglobin is normally found in the ferrous state, being 
maintained against tendency to autoxidize by reducing systems present in the tissues. 
An interesting feature of the hemoglobins of all trematodes in this study is that the 
absorption intensity is greater in the beta band region than in the alpha band region 
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and the ratio of the absorption intensity in beta and alpha band regions of trematode 
hemoglobins is 1.1, while the same ratio for vertebrate host hemoglobin is ca. 1.06. 
All the hemoglobins, in which beta peak shows higher absorption, have very high 
affinity for oxygen, though the reverse is not necessarily true (Smith, 1963). Haider 
and Siddiqi (1976) have made extensive spectral studies on partially purified 
trematode hemoglobins. The results are almost the same as in the case of present 
study on purified trematode hemoglobins. 
Darawshee/a/., (1987) purified the^^camsp. perienteric fluid (=hemolymph) 
hemoglobin (=erythrocruorin) by pelleting the red material in the hemolymph by 
ultracentrifugation and DEAE Sephadex A-50 ion exchange chromatography 
Heme/protein ratio was monitored at each step and purification procedure was 
repeated till heme/protein ratio was constant. However, this value varied from 1 to 
1.43, suggesting the presence of impurities with the exception of the preparation with 
highest ratio. The SDS-PAGGE and sedimentation profiles did not give any indication 
of impurity. They therefore concluded that the variable absorbance ratio could be due 
to incomplete realization of the heme binding capacity of the protein. This conclusion 
was confirmed by the hemin titration experiments. Recently Vandergon et al.,{\ 988) 
purified a hemoglobin from a gymnophalid metacercaria by employing high 
performance liquid chromatography (HPLC) gel filtration and ion exchange columns. 
They obtained two fractions of hemoglobins referred to as A and B in whole animal 
lysate. The Ion exchange chromatography resulted in incomplete resolution of two 
components in each of the above fractions. 
5.3. HEME CONTENT 
The heme content of trematode hemoglobin is variable as discussed in results section. 
Thus heme content of such preparations can not serve a basis for the calculation of 
minimal molecular mass values of trematode hemoglobins. The A412/A280 absorbance 
ratio also varied from one preparation to another in the same trematode, however 
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simple PAGGE and SDS-PAGGE patterns of the various hemoglobin preparation 
showed no indication of impurity. Therefore it can also be concluded that the variable 
heme contents could be due to incomplete realization of the heme binding capacity 
of the protein. The other reason for the variation in heme content could be due to the 
loss of heme during the process of purification. 
5.4. POLYACRYLAMIDE GRADIENT GEL ELECTROPHORESIS 
(PAGGE) 
Polyacrylamide gel electrophoresis in multiphasic buffer system is one of the highest 
resolution techniques available for the analysis of biological macromolecules. It is 
applicable to any charged molecule and requires only microgram of material. Due to 
the ability of this method to separate closely similar molecules and requirement of 
only small amounts of materia! it was used to characterize and compare hemoglobin 
molecules from different genera of the class Trematoda. Thus the genetic variation 
resulting due to deletions, insertions or substitutions of one amino acid for another 
within a hemoglobin chain, during the course of evolution can be assessed by PAGGE 
of hemoglobins in native state. The similarity or the differences in the PAGGE pattern 
of trematode hemoglobins also provide the extent of taxonomic and evolutionary 
relationships among the trematodes. The PAGGE comparisons of trematodes and 
their host hemoglobins also give the possible indication about the origin of trematode 
hemoglobins i.e , whether trematode hemoglobins have been derived from their host 
hemoglobins or are synthesized endogenously by trematodes themselves. 
The electrophoretic mobility 'm' is defined as the distance 'd' travelled in time 
't' by the particle under the influence of the potential gradient 'E' so that 
m = d / tE or ni = v/E 
Thus measured migration distance are proportional to electrophoretic mobilities 
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but direct comparisons between different experiments can only be made if the product 
tE are equal in all the cases. It also follows that, ideally, if all other conditions are 
equal a second experiment run at double the potential gradient (voltage) for half the 
time would result in the particle migrating the same distance 'd' as in the first 
experiment. However, this relation is only approximately true and it is influenced by 
a number of factors including particularly the effects of the extra heat generated by 
increasing current. Nevertheless, a quick calculation of volts multiplied by time can 
be a useful rough practical guide when seeking an idea of how altering either of these 
two factors will influence the course of an electrophoretic separation. 
The potential gradient 'E ' also corresponds to the ratio of the current density 
'J ' to the specific conductivity 'K', so the velocity of the charged particle can also 
be expressed as 
V = Em = mJ / k 
Most of the large molecules possess both anionic and cationic groupings as 
part of their structure and hence are termed zwitterions. Since the dissociation 
constants (pK values) of these groups will differ widely, the net charge on such a 
molecule will depend upon the pH of its environment so that pH will also influence 
the mobility of the molecule. The ionic strength determines the electrokinetic 
potential which reduces the net charge to the etlective charge and it is found that the 
mobility of the charged particle is approximately inversely proportional to the square 
root of the ionic strength. Low ionic strength permits high rates of migration, while 
high ionic strengths give slower rates but in practice sharper zones of separation than 
low ionic strength buffers (Maurer, 1971). 
Unfortunately, higher the ionic strength of the buffer greater the conductivity 
and greater is the amount of heat generated. Increasing temperature causes an 
increase in the rate of diffusion of the ions and .ilso an increase in the ionic mobility 
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amounting to about 2.4 percent per degree Celsius rise in temperature. At the same 
time the viscosity of the medium falls with rising temperature. Thusthe electrical 
resistance decreases and at constant voltage the current will rise increasing the heat 
output still further. Too high a power input results in excessive heat generation which 
may lead to an unacceptable rate of evaporation of solvent from the medium, and in 
free-solution systems can result in convection currents and a mixing of separated 
zones. In cases which are rather sensitive to heat there may even be a denaturation 
of proteins. In contrast, too low a power input may overcome any heating problem 
but can also lead to poor separations as a result of the increased amount of diffusion 
that may occur if the running time is too long. 
The removal of heat generated by the passage of the electrical current is one 
of the major problems for most forms of electrophoresis since cooling inevitably 
results in the formation of temperature gradient between those parts of the medium 
that are better cooled than others. Any temperature gradient or temperature difference 
will lead to distortions in the bands of the separated molecules due to variations in 
the rates of migration through the medium. Heating therefore causes variations in 
both the current and voltage, and in order to minimize these fluctuations it is usual 
to carry out electrophoresis with power supplies which can be regulated to provide 
an output at constant current. Although neither of these can provide complete control 
of heat generation, they are relatively inexpensive and adequate for most purposes. 
From the comparison of the staining intensity of benzidine reagent and 
Coomassie brilliant blue (for total proteins) the homogeneity of the hemoglobin 
preparation of trematodes and their hosts was assessed. The extra bands in Coomassie 
brilliant blue stained gel indicate the presence of non heme proteins. P. epiclitum 
hemoglobin (Fig. 9B) lane'a' stained more intensely with benzidine than Coomassie 
blue which indicates that it is a major hemoglobin fraction. E. explanatum hemoglobin, 
lane 'b', indicates two bands in benzidine stained gel which are also the major protein 
bands. The only band of hemoglobin I of G. crunwnifcr in lane 'c' has approximately 
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the same intensity by benzidine and Coomassie blue staining. The hemoglobin II of 
G. crumenifer, lane 'd' resolves into at least three bands having the same approximate 
intensity in benzidine and Coomassie brilliant blue stained gel however, two additional 
bands also appear with Coomassie brilliant blue staining. The three hemoglobin bands 
of buffalo have the same intensity in benzidine and Coomassie brilliant blue stained 
gels. 
The Rm values of the hemoglobin bands (Table 6) separated by PAGGE, 
clearly indicate that the trematode hemoglobins are distinct from their host hemoglobins 
and among themselves. The differences in eiectrophoretic mobilities can be due to 
differences in size, shape or charge. 
Higher mobilities of hemoglobins of F. gigantica, F. buski and /. hypselobagri. 
than their respective host hemoglobins have been reported by Lutz and Siddiqi 
(1967), Cain (1969a) and Rashid (1991). Lutz and Siddiqi (1967) were in fact the 
first to demonstrate that the trematode hemoglobins are different from their host 
hemoglobins in terms of eiectrophoretic mobilities which is a quite reliable indication 
of different physicochemical nature of trematode hemoglobin. However, Cain 
(1969a) has also reported that F. buski hemoglobin and pig myoglobin are almost 
identical in terms of eiectrophoretic mobilities. 
These results indicate that the trematode hemoglobin may closely resemble 
vertebrate myoglobins in terms of molecular weight and subunit structure. 
5.5. SODIUM DODECVL SULFATE POLYACRYLAMIDE GRADIENT 
GEL ELECTROPHORESIS (SDS-PAGGE) 
When proteins are heated in the presence of an anionic detergent sodium dodecyl 
sulfate (SDS) and reducing agents, such as Z-mercaptoethanol or dithiothrcito; 
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(DTT), they break into their subunits if these are multimeric proteins. It has been 
found that under such conditions, almost all proteins bind approximately 1.4 g SDS 
per gram of protein. The amount of SDS bound is often somewhat less if the protein 
is not reduced, presumably because maximal unfolding is not possible (Pitt-Rivers 
and Impiombato, 1968). 
The binding of SDS to proteins under reducing conditions has two important 
consequences. The first is that it completely swamps the native charge of the 
proteins, so that the charge to mass ratio becomes constant for all proteins. Secondly, 
the electrostatic repulsion between the negatively charged molecules effectively 
disrupts virtually all non-covaient protein-protein interactions, both intra-molecular 
and inter-molecular. The protein may assume the shape of a rigid rod with a constant 
charge to mass ratio. 
Under these conditions, it has been empirically observed that the electrophoretic 
mobility of the protein in a polyacrylamide gel is inversely proportional to the 
logarithm of its molecular weight (Weber and Osborn, 1969). Thus, a reasonably 
accurate value for the molecular weight of a protein can be obtained by comparison 
of their electrophoretic mobility with known standards. 
For analyzing the purity of a protein preparation, there should be only single 
component, but if there is more than one, then the possible nature of the impurities 
may be guessed at. An impurity with the same subunit size as the desired product will 
not be detected in SDS-PAGGE system, however, it can resolve components 
differing by as little as 1% in molecular weight under optimum conditions. In fact, 
the mobility to miolecular weight ratio is not accurate to within 1 % so it is the mobility 
difference of 1% among the resolving components which resolves them; their actual 
molecular weights could be identical. For proteins having more than one subunit 
type, multiple bands are not necessarily an indication of the presence of impurities. 
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If this is suspected, then there should be a rational relationship between the intensities 
of the multiple components. 
The SDS-PAGGE results of trematode and buffalo hemoglobins are shown in 
Fig. 10. All the hemoglobins except G. cnimenifer hemoglobin I, appears as a single 
band of relative mobility corresponding to a molecular weight of 17 kDa. The single 
bands of hemoglobins on SDS-PAGGE under reducing conditions indicate a 
homogenous preparation of the trematodes and their host hemoglobins. The vertebrate 
host hemoglobin (buffalo and fish) which are tetramers appear as a single band 
because all the subunits of a vertebrate hemoglobin are of the same molecular weight. 
G. crumemfer hemoglobin I shows two bands of 16 and 14 kDa on SDS-PAGGE 
system under reducing conditions. Indicating it to be a dimer of 30 kDa as also 
estimated by gel filtration chromatography. The hemoglobin I of/, hypselobagri 
appears as 35 kDa band on non-reducing SDS-PAGGE. Reducing SDS-PAGGE of 
this hemoglobin shows a single band of 17 kDa, indicating that /. hypselobagri 
hemoglobin is a dimer of two chains of 17 kDa and dimerization occurs by covalent 
bond formation and not through self association. 
5.6. ISOELECTRIC FOCUSING (lEF) IN POLYACRYLAMIDE 
TUBE GELS 
Amino acids, peptides and polypeptides tend to be charged because of the ionization 
of their amino group (-NH2) and carboxylic group (CO2H) and also because of the 
charges on the 'R' groups. 
The pH at which a molecule has a net zero charge is called the 'isoelectric 
point' (pl). At any other pH the molecule will have a charge and because of this, it 
will move in an electric field. The isoelectric point is an important parameter in the 
characterization of protein molecules. 
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Isoelectric focusing is the method specifically intended for the fractionation 
of molecular species differing only in net charge. Isoelectric focusing is an analytical 
method capable of very high resolution, particularly when shallow, immobilized pH 
gradients are used, and can separate macromolecules differing in isoelectric points 
by as little as only 0.001 pH units. 
The isoelectric focusing is superior to electrophoretic migration because 
movement of protein molecules virtually ceases at their pi so that the band pattern 
stabilizes and, within limits, becomes insensitive to experimental variables such as 
time and applied voltage. Band patterns and pi values are therefore highly reproducible. 
The protein pi measured by lEF is very close to the true isoionic point since the ionic 
strength within the medium of the pH gradient is very low. Resolution of the method 
is excellent and often exceeds that obtainable in other electrophoretic methods. 
The isoelectric points of trematode hemoglobins as reported in results section 
show a great variation in values. Differences in isoelectric points are due to variations 
in the overall charge of the molecule, and probably reflect differences in amino acid 
sequence and or composition. 
Most invertebrate hemoglobins tend to have low isoelectric points relative to 
vertebrate hemoglobins. The pis of £. explanatum, G. crumenifer (Hb I and II), P. 
epiclitum and /. hypselobagri hemoglobins are 6.6, 7.6, 6.3, 7/7.3 and 4.17 
respectively. The low pis of these trematode hemoglobins indicate a high; content 
of acidic amino acids. However in case of G. crumenifer hemoglobin I the pi was 
found to be in the neutral pH region. It indicates an equal proportion of acidic and 
basic amino acid content. P. epiclitum shows two isoelectrically different hemoglobin 
bands. Higher acidic amino acid composition has also been shown in the hemoglobins 
of Fasciolopsis huski by amino acid composition analysis (Cain, 1^69b) and 
Dicrocoelium dcndrilicum hemoglobin by isoelectric focusing, showing a pi of 4.7 
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(Tuchschmid et al., 1978). An interesting feature of this study is that out of the four 
trematodes, two i.e., G. crumenifer and P. epiclitum occur in the same 
microenvironment in the same host i.e., rumen of buffalo, but pis of their hemoglobins 
were found to be different. This is an indication that the chemical composition of 
hemoglobin could be different even if the two trematodes live almost in the same 
microenvironment. Isoelectric points of trematode hemoglobins can also be used as 
a guide for subsequent purification using ion-exchange chromatography either by 
anion exchangers or cation exchangers. The starting pH should be at least 1 pH unit 
above the isoelectric point for anion exchangers or at least 1 pH unit below the 
isoelectric point for cation exchanger to facilitate adequate binding. 
Keilin and Wang (1946) showed that the hemoglobin of Gastrophilus sp., has 
an isoelectric point of about 6.2. Smith and Morrison (1963) reported that the body 
wall and perienteric fluid hemoglobins ofAscaris sp., had isoelectric points of about 
6.7 and 5.0. None of these authors detected any minor hemoglobin components. 
Villela and Ribeiro (1955 a, b) have reported that the perienteric fluid of Tetrameres 
sp., contains three hemoglobin components present in approximately 21.5, 50 and 
28.5%; one of which was similar to that of the host hemoglobin. These components 
appear to have isoelectric points of about 8.7 and 6.5 respectively. 
The isoelectric focusing of trematode hemoglobins was also performed in the 
presence of urea and dithiothreitol to study the nature of amino acid residues present 
inside the globular structure. Urea is a well known dissociating agent which breaks 
the hydrogen bonds, thus it disrupts the globular structure and breaks the hemoglobin 
chain into short peptides, whereas dithiothreitol cleaves disulfide bonds and completely 
opens the globular structure. The inner amino acid residues when exposed, change 
the isoelectric point of each peptide which separate according to their pi. The peptide 
pattern of the hemoglobins at^er isoelectric focusing is quite different among the four 
genera of trematodes of this study and also from their respective hosts, indicating 
different amino-acid composition and sequences of hemoglobins. 
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5.7. PEPTIDE MAPPING OF HEMOGLOBINS BY LIMITED 
PROTEOLYSIS (FINGER PRINTING) 
In the present study the peptide patterns of hemoglobins of four genera of the class 
Trematoda were compared to study the extent of similarity or dissimilarity in their 
hemoglobins as well as that of their respective host hemoglobins and to study whether 
trematode heme pigments are the products of the same gene or originate from genes 
of common ancestry or are totally unrelated. The results of peptide mapping were 
interpreted by statistically analyzing the probability of coincidence among the 
peptides (of same Rm values) of hemoglobins form different genera of trematodes 
and their hosts, the results showing (Fig. 14) that mobilities of the peptide bands of 
G. crumenifer hemoglobin I and II, P. epiclitum, E, explanatum and B. Bitbalis 
hemoglobin are totally different, while there is some resemblance in /. hypselobagri, 
G. crumenifer hemoglobin I, P. epiclitum and W. attu hemoglobins. Since a specific 
protein is synthesized by a specific gene, the unrelatedness in the hemoglobins reflect 
the differences in the genes synthesizing these respiratory proteins. However, the 
hemoglobins showing some resemblance could be synthesized by genes having 
resemblances in the sequences of the codons. The rate and extent of alkali denaturation 
of trematodes and their respective host hemoglobins were also found to be different, 
clearly indicating possible variations in the amino acid sequences (Haider and 
Siddiqi, 1977). 
Since the structure of the heme in the hemoglobins from different animals 
seem to be constant, the functional properties of hemoglobins must lie in the structure 
of the globin chain which in turn is a direct translation of the corresponding gene. The 
genetic and evolutionary changes associated with structural modifications of 
hemoglobins have been reviewed by Nolan and Margoliash (1968). It has also been 
shown that natural selection acts in favour of amino acid substitutions which tend to 
maintain the original conformation of proteins (Epstein, 1967). The variations in the 
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structure of hemoglobins of closely related trematodes may indicate the accumulation 
of the evolutionary effects in the genes of homologous proteins. 
5.8. PARTIAL N-TERMINAL AMINO ACID SEQUENCE ANALYSIS 
OF TREMATODE AND THEIR HOST HEMOGLOBINS 
Amino acids, the building blocks of proteins are linked by peptide bonds in a sequence 
unique to each protein which is specified by genes. Many amino-acids are joined by 
peptide bonds to form a polypeptide chain, which is unbranched. A polypeptide chain 
has direction because its building blocks have different ends namely the alpha amino 
and the alpha carboxyl groups. By convention, the amino end is taken to be the 
beginning of a polypeptide chain, and so the sequence of amino acids in a polypeptide 
chain is written starting with the amino terminal residue. The amino acid sequences 
of proteins are important in variety of ways like (1) Comparison of amino acid 
sequence of a protein of interest with all other known ones can ascertain if significant 
similarities exist and whether the protein belongs to one of the established families 
(2) Comparison of sequences of the same protein in different species yields a wealth 
of information about evolutionary pathways (3) Amino acid sequences contain 
signals that determine the destination of proteins and control their processing (4) 
Sequence data provide a basis for preparing antibodies specific for a protein of 
interest (5) Amino acid sequences are also valuable for making DNA probes that are 
specific for the genes encoding the corresponding proteins. 
The partial N-terminal amino acid sequences of trematodes and their host 
hemoglobins as described in the results section do not appear to be of their host origin 
due to the ditTerent N-terminal sequences, indicating endogenous synthesis of at least 
the globin part of hemoglobin in trematodes. No significant sequence similarity is 
observed in at least 15 amino acid sequences of the trematode hemoglobin reflecting 
a probable independent origin of hemoglobin synthesizing gene in trematodes. 
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In the present study the hemoglobin of/, hypselobagri on the basis of N-
terminal sequence analysis appears to consist of at least three different monomeric 
globin chains, a, b and c (Fig. 8) two of which (chain a and c) share 27 identical N-
terminal amino acid residues and differ in their primary structures at other locations 
whereas the chain "a' differs at ten different locations in 27 N-terminal residue. It is 
likely that the monomeric globin chains of the major hemoglobin fraction lacks one 
or more presumed cysteine residues in the sequence of the globin chain of minor 
fraction. 
Sequence information of trematode hemoglobins can be utilized for preparing 
antibodies specifically against trematode hemoglobins, completely different from 
their respective host hemoglobins. The specific antibodies against the trematode 
hemoglobins can be used as immunodiagnostic tools for screening the trematode 
infections in vertebrate hosts. The antibodies against the hemoglobin of trematodes 
can also be used as potential vaccines in preventing and checking the trematode 
infections in vertebrate hosts. The extent of protein heterogeneity in its source 
(trematode) can be analyzed by protein sequence data. A clean and unequivocal 
protein sequence is indicative of homogeneity of the source and protein preparation. 
The amino acid sequence of trematode hemoglobin can be utilized in synthesizing a 
short oligonucleotide probe to isolate mRNA (messenger ribonucleic acid) from 
which a double stranded cDNA (complimentary deoxyribonucleic acid) can be 
prepared and cloned into a suitable expression system. The highly homogenous 
hemoglobin preparation thus obtained can be investigated for other structural and 
functional properties. Though the partial N-terminal amino acid sequence is limited 
in scope to yield much information, nonetheless it opens wide avenues for further, 
much detailed and more reliable studies. 
5.9. OXYGEN AFFINITIES OF TREMATODE HEMOGLOBINS 
To be able to elucidate the physiological functions of trematode hemoglobins. 
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detailed experiments were carried out on the oxygen affinities of these pigments. 
Such studies would obviously be of great theoretical as well as practical importance. 
The oxygen affinity curves of trematode hemoglobins are constructed using a Clark's 
electrode. The Clark's electrode is a polarographic system. A thin membrane 
stretched over the tip of the electrode isolates the electrode elements from their 
environment. The membrane is permeable to gases and allows them to enter the 
interior of the sensor. When a suitable polarizing voltage is applied across the cell, 
oxygen reacts at the cathode causing a current to flow through the cell. The amount 
of current which flows is proportional to the amount of oxygen to which the 
membrane is exposed. 
The polarographic method of recording oxygen affinity curves for hemoglobin 
is advantageous over other methods, such as determination of percent saturation by 
gas analysis or spectroscopy. In these methods only discrete points can be recorded. 
However, the percent saturation is a continuous function of partial pressure and it 
is preferable to measure it continuously. 
G. crumenifer hemoglobin 1,E. explanaium hemoglobin and/, hypselobagri 
hemoglobin did not show much difference in oxygen affinities, with respective PJQ 
values at approximately 1.7, 1.6 and 1.6 mmHg at 25°C, 0.2M phosphate buffer pH 
7.4 . However, G. crnmenifer hemoglobin II and P. epiclitum hemoglobin showed 
P^ O values of 1 and 0.8 mmHg under the same conditions. Almost similar P^Q values 
of trematode hemoglobins despite the indication of different primary structures by 
peptide mapping and partial N-terminal amino acid sequence analysis indicate an 
overall similarity in three dimensional structure of trematode hemoglobins. Moreover 
the same oxygen affinities of hemoglobins of trematodes of oxygen rich habitat (/. 
hypselobagri from catfish swimbladder) and oxygen poor habitat (G. cnimenifcr and 
P. epiclitum from rumen and E. explatnaium from bile ducts of buffalo) do not 
indicate any effect of oxygen partial pressure on the oxygen affinity of trematode 
hemoglobins. 
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The hemoglobins are known to bind phosphates which modulate their oxygen 
affinities. However, so far the only phosphates known to be bound are organic 
phosphates. The role, if any, of inorganic phosphates in modulating trematode 
hemoglobins has not been studied. 
In each of the five trematode hemoglobins, the 'n' values are similar, giving 
no indication of conformational change at any stage in the oxygenation, whereby 
oxygenation of multiheme pigments of vertebrates is governed by increased 
cooperativity. Thus for trematode hemoglobins the 'n' values at 25% and 75% 
oxygen saturation (n25 and n-j^) are found to be approximately 1 at pH 7.4. A plot 
of log Y/(l-Y) versus logp02, (Where Y represents fractional saturation) called a 
Hill plot, approximates a straight line. Its slope 'n' at the midpoint of the binding (Y= 
0.5) is called the Hill coefficient. The value of 'n' increases with the degree of 
cooperativity, the maximum possible value of'n' is equal to the number of binding 
sites. Myoglobin like monomeric heme pigments give a linear Hill plot with n= 1.0, 
where n=2.8 for hemoglobin. The slope of 1.0 means that oxygen molecule binds 
independently of each other. The Hill coefficient of 2.8 for hemoglobin means that 
the binding of oxygen in hemoglobin is cooperative. The cooperative binding of 
oxygen by hemoglobin is due to heme-heme interaction. Tuchschmid et al., (1978) 
have reported P^Q value of D. dendriticum hemoglobin to be 0.07-0.10 mmHg at 
20°C and pH 7.0, the value of Hill's coefficient varied between 0.9 and 1.1 indicating 
the absence of cooperativity. Vandergon ei al., (1988) have reported the oxygen 
affinity value (P^g = 0.81-1,32 at pH 6.8-7.4) of a gymnophallid metacercarial 
hemoglobin of a trematode parasitic in Amphiirite ornaia, a marine polychaete, the 
Hill constant ranges between 2.22-3.06 indicating heme-heme interaction, however, 
they did not report the subunit structure of metacercarial hemoglobins. Comparing 
the kinetic properties of trematode hemoglobins with the ones of other heme 
proteins, capable of reversibly binding with oxygen, illustrates the uniqueness of 
trematode hemoglobins. It is striking that proteins with very similar overall structural 
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features, i.e., the same heme group inserted in hydrophobic pocket and with a 
histidine as one of the axial ligands, differ so dramatically in their kinetic properties. 
A relevant role in determining the kinetic properties of heme proteins is 
attributable to the geometry of the heme pocket at the distal side. Several hemoglobins, 
in which the distal histidine is replaced by another amino acid, have been reported by 
Giacometti etal, (1980), Parkhurst etal, (1980) and Wittenberg etal, (1965b). 
Therfe hemoglobins often display increased rates of carbon monoxide binding. A 
recent study on D. dendriticum hemoglobin molecule has revealed that the distal 
histidine in this case is replaced by tyrosine (Lecomtee/a/., 1987). This hemoglobin 
also shows a high oxygen affinity and a marked acid Bohr effect (Tuchschmid et al., 
1978; Smite/a/, 1986). 
The study of the oxygen reactions of trematode hemoglobins can be essential 
to an appreciation of its physiological role. Comparative studies on the functional 
properties of hemoglobins, differing in their primary structures, have provided 
valuable information on the 'mode of action' of heme proteins. Studies on hemoglobins 
with structural differences in the heme pocket in general and, more specifically, with 
the distal histidine E7 replaced by another amino acid are particularly interesting 
(Antonini and EJrunori, 1971; Giacometti, et al., 1980). Heme model compounds 
have also been successfully used for this purpose, leading to the formulation of very 
interesting mechanisms for the modulation of heme-iron reactivity (Traylor and 
Traylor, 1982). In the majority of other hemoglobins the physiological role is 
concerned with the supply of atmospheric oxygen to the tissues. However, an 
alternative or additional role may exist in trematode hemoglobins. 
Oxygen binding pigments have two distinct functions. They either maintain a 
continuous supply of oxygen to the tissues, or provide an oxygen reserve. They may 
in either case be circulating or held in the tissues. Oxygen transport pigments 
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generally occur in a circulatory system. The presence of such a system tends to 
predispose us to the view that the pigment contained in such a system must be actively 
supplying oxygen to the tissues. However, this need not be the case for an animal 
alternately exposed to high and low oxygen tensions, where the hemoglobin would 
first remain completely saturated with oxygen and then be able to yield it all up. It 
is usually supposed that tissue pigments simply provide a reserve of oxygen but the 
presence of hemoglobin will in fact facilitate the passage of oxygen through the 
tissues at low oxygen tension. Scholander (1960) showed that transport of oxygen 
through a stationary solution is the result of an additive process, plain diffusion plus 
specific hemoglobin transport. At low oxygen pressure, 10 mmHg or less the specific 
effect is capable of passing oxygen at least ten times as fast as plain diffusion. Most 
of the trematode parasites whose hemoglobin has been studied live in the regions of 
low oxygen tension. Their hemoglobins show high oxygen affinity for oxygen, 
usually very high affinity indeed and probably remain fully oxygenated in vivo. This 
makes it unlikely that these hemoglobins are functionless by-product. (Barrett, 
1981). 
6. CONCLUSIONS AND SUMMARY 
The trematodes are the most primitive metazoan organisms and the lowest 
bilateria which possess heme pigment. In this study such proteins have been termed 
hemoglobins. Trematode hemoglobins are different from other heme containing 
proteins such as peroxidases or catalases in being of low molecular mass and heat 
resistant. Cytochromes, though also of low molecular mass, are different from the 
trematode respiratory pigments in spectral properties and in being resistant to 
denaturation by urea and HCl-acetone except cytochrome b, which is present inside 
the mitochondria, and cannot be isolated by the procedures employed in this study. 
The purification of trematode hemoglobins from whole body lysate using 
ammonium sulfate fractionation and gel filtration chromatography using Sephadex 
G-75 column yielded two hemoglobins in G. crumenifer, I. hypselobagri and one 
hemoglobin each in P. epiclitumzndE. explanatiim. However, in case of P. epiclitiim 
the isoelectric focusing studies demonstrated the presence of two isoelectrically 
different components, a major component having a pi of 7.3 and a minor component 
having a pi of 7.0. In G. crumenifer and /. hypselobagri hemoglobin II dimers are 
formed through disulfide bridges when oxidation to methemoglobin (aquomet) 
proceeds slowly but when oxidation occurs rapidly as by the direct addition of 
K3Fe(CN)5, intrachain disulfide bonds are formed resulting in monomers and 
precluding significant polymerization. These characteristics seem to be a different 
evolutionary strategy from chordates. The trematode hemoglobins showed absorption 
peaks in soret, beta and alpha band regions at 410, 538-40 and 575 nm. 
The same absorption peaks for the vertebrate hosts {B. hubalis and W. atlu) 
are at 412, 538 and 548-50 nm. The trematode hemoglobins showed a higher 
absorption than their host hemoglobins in beta band region than in alpha band region. 
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The ratio of absorption values in beta to alpha band region for trematode hemoglobins 
is 1.1 while the same ratio for the hosts is 1.06 indicating differences in heme pocket. 
The heme content in trematode hemoglobins has also been found to be 
variable. The variation in total heme content can be due to incomplete realization of 
heme by the polypeptide chains or due to the loss of heme during the purification. 
The trematode hemoglobins also showed higher electrophoretic mobility than 
their host hemoglobins in polyacrylamide gradient gel electrophoresis, indicating a 
different chemical nature from their vertebrate host hemoglobins and among 
themselves. The isoelectric points of hemoglobins of trematodes of this study varied 
from acidic to neutral pH. The low isoelectric points of trematode hemoglobins 
indicate a higher percentage of acidic amino-acid content. These results are also 
consistent with low isoelectric point reported inZ). dendriticum (Tuchschmid et 
al., 1978) "^  hemoglobins. The amino acid analysis of their 
hemoglobins have also indicated a high content of acidic amino acids. The 
molecular mass is one of the most fundamental properties of any molecule. The 
molecular masses of trematode hemoglobins by gel filtration chromatography in 
native state was estimated to be ca. 17 kDa except that of G. criimenifer and /. 
hypselobagri hemoglobin I which are found to be 30 and 35 kDa respectively. 
Under reduced conditions on SDS-PAGGE, G. crumeniferHh I dissociates into 
two components of 16 kDa and 14 kDa, which shows that this fraction has a 
propensity towards the formation of dimer of two globin chains by disulfide bonding. 
The molecular mass of all other trematode hemoglobins by SDS-PAGGE as well as 
by gel filtration chromatography on sephadex G-75 was found to be ca. 17 kDa. 
However similar molecular masses of other trematode hemoglobins were obtained by 
gel filtration chromatography in native state and SDS-PAGGE in reducing condition 
indicated that trematode hemoglobins are monomeric. The relative mobilities of 
trematode hemoglobins are clearly ditYerent from the relative mobilities of their 
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respective host hemoglobins on SDS-PAGGE. For the sake of further comparison 
and to know the extent of similarity and dissimilarity among trematode hemoglobins 
and their respective host hemoglobins, finger printing of these hemoglobins was 
carried out. The probability of coincidence of peptides of the same relative mobilities 
was analyzed statistically. The peptide mapping revealed no significant resemblance 
among the hemoglobins of G. cnimenifer (Hbl and II), /. hypselobagri, E. explanatiim 
and P. epiclitum. Only P. epiclitum hemoglobin showed some resemblance with the 
host, B. biibalis hemoglobin. Very low homology was found in the hemoglobins of 
W. attii and /. hypselobagri. The partial N-terminal amino-acid sequence analysis 
though limited in scope gives important information regarding the origin of trematode 
hemoglobins. The low homology of amino acid residues among trematodes and their 
respective host hemoglobins and other globin proteins as shown by computer assisted 
consensus sequence information indicates that trematode hemoglobins might be 
synthesized by genes other than hemoglobin genes and trematode hemoglobins must 
be having alternative function besides binding with oxygen. All trematode hemoglobins 
must have some conserved partial amino acid sequence to bind heme. Wakabayashi 
et al, (1986) hcive reported ih&igln N gene, which is a part of a nitrogen-fixation 
gene cluster in a cyanobacterium Nostoc commune encodes a hemoglobin of 118 
amino acid residues indicating the origin of prokaryotic hemoglobin from genes other 
than ancestral hemoglobin genes. The difference in N-terminal residues of trematode 
hemoglobins indicate that the trematode hemoglobins are endogenous to each genus 
of the class Trematoda and are quite different from their host hemoglobins. The 
specificity of these proteins to each genus of the class Trematoda can be very usefully 
employed in diagnosing the specific infection of these trematodes and can be 
exploited to produce specific antibodies which can be utilized as potential vaccines 
against trematode infections. The rectangular hyperbolic shapes and Hill coetTicient 
values of' r do not indicate homotropic interaction even in dimeric hemoglobins of 
G. crumenifer and /. hypselobagri. The low P^Q values indicate high affinity 
hemoglobins in trematodes. The oxygen affinities of trematode hemoglobins did not 
104 
show much variation in P50 values despite the evidences of different primary 
structures. The functional properties of proteins are dependent upon their three 
dimensional shape. The three dimensional structures of trematode hemoglobins is 
expected to be similar due to the presence of critical amino acid residues which are 
involved in oxygen binding properties and which remained unchanged during the 
course of evolution. Thus trematode hemoglobins can be assumed to have been 
derived from a single ancestral protein. Various amino-acid residues could have been 
substituted over the entire length of the globin chain during the course of evolution, 
however residues responsible for the maintenance of three dimensional shape 
remained unchanged maintaining the functionality of these respiratory proteins. 
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